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Clinical	 ﾠadoption	 ﾠof	 ﾠhuman	 ﾠgenome	 ﾠsequencing	 ﾠrequires	 ﾠmethods	 ﾠwith	 ﾠknown	 ﾠaccuracy	 ﾠof	 ﾠ
genotype	 ﾠcalls	 ﾠat	 ﾠmillions	 ﾠor	 ﾠbillions	 ﾠof	 ﾠpositions	 ﾠacross	 ﾠa	 ﾠgenome.	 ﾠ	 ﾠPrevious	 ﾠwork	 ﾠshowing	 ﾠ
discordance	 ﾠamongst	 ﾠsequencing	 ﾠmethods	 ﾠand	 ﾠalgorithms	 ﾠhas	 ﾠmade	 ﾠclear	 ﾠthe	 ﾠneed	 ﾠfor	 ﾠa	 ﾠhighly	 ﾠ
accurate	 ﾠset	 ﾠof	 ﾠgenotypes	 ﾠacross	 ﾠa	 ﾠwhole	 ﾠgenome	 ﾠthat	 ﾠcould	 ﾠbe	 ﾠused	 ﾠas	 ﾠa	 ﾠbenchmark.	 ﾠ	 ﾠWe	 ﾠ
present	 ﾠmethods	 ﾠto	 ﾠmake	 ﾠhighly	 ﾠconfident	 ﾠSNP,	 ﾠindel,	 ﾠand	 ﾠhomozygous	 ﾠreference	 ﾠgenotype	 ﾠ
calls	 ﾠfor	 ﾠNA12878,	 ﾠthe	 ﾠpilot	 ﾠgenome	 ﾠfor	 ﾠthe	 ﾠGenome	 ﾠin	 ﾠa	 ﾠBottle	 ﾠConsortium.	 ﾠ	 ﾠWe	 ﾠminimize	 ﾠbias	 ﾠ
towards	 ﾠany	 ﾠmethod	 ﾠby	 ﾠintegrating	 ﾠand	 ﾠarbitrating	 ﾠbetween	 ﾠ14	 ﾠdatasets	 ﾠfrom	 ﾠ5	 ﾠsequencing	 ﾠ
technologies,	 ﾠ7	 ﾠmappers,	 ﾠand	 ﾠ3	 ﾠvariant	 ﾠcallers.	 ﾠ	 ﾠRegions	 ﾠfor	 ﾠwhich	 ﾠno	 ﾠconfident	 ﾠgenotype	 ﾠcall	 ﾠ
could	 ﾠbe	 ﾠmade	 ﾠare	 ﾠidentified	 ﾠas	 ﾠuncertain,	 ﾠand	 ﾠclassified	 ﾠinto	 ﾠdifferent	 ﾠreasons	 ﾠfor	 ﾠuncertainty.	 ﾠ	 ﾠ
Our	 ﾠhighly	 ﾠconfident	 ﾠgenotype	 ﾠcalls	 ﾠare	 ﾠpublicly	 ﾠavailable	 ﾠon	 ﾠthe	 ﾠGenome	 ﾠComparison	 ﾠand	 ﾠ
Analytic	 ﾠTesting	 ﾠ(GCAT)	 ﾠwebsite	 ﾠto	 ﾠenable	 ﾠreal-ﾭ‐time	 ﾠbenchmarking	 ﾠof	 ﾠany	 ﾠmethod.	 ﾠ	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ 2	 ﾠ
	 ﾠ
Introduction:	 ﾠ
As	 ﾠwhole	 ﾠhuman	 ﾠgenome	 ﾠand	 ﾠtargeted	 ﾠsequencing	 ﾠincreasingly	 ﾠoffer	 ﾠthe	 ﾠpotential	 ﾠto	 ﾠinform	 ﾠ
clinical	 ﾠdecisions,
1-ﾭ‐4	 ﾠit	 ﾠis	 ﾠbecoming	 ﾠcritical	 ﾠto	 ﾠassess	 ﾠaccuracy	 ﾠof	 ﾠvariant	 ﾠcalls	 ﾠand	 ﾠunderstand	 ﾠ
biases	 ﾠand	 ﾠsources	 ﾠof	 ﾠerror	 ﾠin	 ﾠsequencing	 ﾠand	 ﾠbioinformatics	 ﾠmethods.	 ﾠ	 ﾠRecent	 ﾠpublications	 ﾠ
have	 ﾠdemonstrated	 ﾠhundreds	 ﾠof	 ﾠthousands	 ﾠof	 ﾠdifferences	 ﾠbetween	 ﾠvariant	 ﾠcalls	 ﾠfrom	 ﾠdifferent	 ﾠ
whole	 ﾠhuman	 ﾠgenome	 ﾠsequencing	 ﾠmethods	 ﾠor	 ﾠdifferent	 ﾠbioinformatics	 ﾠmethods.
5-ﾭ‐11	 ﾠThese	 ﾠ
comparisons	 ﾠhighlight	 ﾠthe	 ﾠneed	 ﾠfor	 ﾠunderstanding	 ﾠvariant	 ﾠcall	 ﾠaccuracy.	 ﾠIn	 ﾠthis	 ﾠreport,	 ﾠwe	 ﾠ
describe	 ﾠ	 ﾠa	 ﾠhighly	 ﾠconfident	 ﾠset	 ﾠof	 ﾠgenome-ﾭ‐wide	 ﾠgenotype	 ﾠcalls	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠused	 ﾠas	 ﾠa	 ﾠ
benchmark.	 ﾠ	 ﾠTo	 ﾠminimize	 ﾠbiases	 ﾠtowards	 ﾠany	 ﾠsequencing	 ﾠplatform	 ﾠor	 ﾠdataset,	 ﾠwe	 ﾠcompare	 ﾠand	 ﾠ
integrate	 ﾠ11	 ﾠwhole	 ﾠhuman	 ﾠgenome	 ﾠand	 ﾠ3	 ﾠexome	 ﾠdatasets	 ﾠfrom	 ﾠfive	 ﾠsequencing	 ﾠplatforms	 ﾠfor	 ﾠ
HapMap/1000	 ﾠGenomes	 ﾠCEU	 ﾠfemale	 ﾠNA12878,	 ﾠwhich	 ﾠis	 ﾠa	 ﾠprospective	 ﾠReference	 ﾠMaterial	 ﾠ(RM)	 ﾠ
from	 ﾠthe	 ﾠNational	 ﾠInstitute	 ﾠof	 ﾠStandards	 ﾠand	 ﾠTechnology	 ﾠ(NIST).	 ﾠ	 ﾠThe	 ﾠrecent	 ﾠapproval	 ﾠof	 ﾠthe	 ﾠfirst	 ﾠ
“Next	 ﾠGeneration	 ﾠSequencing”	 ﾠinstrument	 ﾠby	 ﾠthe	 ﾠFDA	 ﾠhighlighted	 ﾠthe	 ﾠutility	 ﾠof	 ﾠthis	 ﾠcandidate	 ﾠ
NIST	 ﾠRM	 ﾠin	 ﾠapproving	 ﾠthe	 ﾠassay	 ﾠfor	 ﾠclinical	 ﾠuse.
12	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠNIST,	 ﾠwith	 ﾠthe	 ﾠGenome	 ﾠin	 ﾠa	 ﾠBottle	 ﾠConsortium	 ﾠ(www.genomeinabottle.org),	 ﾠis	 ﾠdeveloping	 ﾠ
well-ﾭ‐characterized	 ﾠwhole	 ﾠgenome	 ﾠRMs,	 ﾠwhich	 ﾠwill	 ﾠbe	 ﾠavailable	 ﾠfor	 ﾠresearch,	 ﾠcommercial,	 ﾠand	 ﾠ
clinical	 ﾠlaboratories	 ﾠto	 ﾠsequence	 ﾠand	 ﾠassess	 ﾠvariant	 ﾠcall	 ﾠaccuracy	 ﾠand	 ﾠunderstand	 ﾠbiases.	 ﾠTo	 ﾠ
create	 ﾠwhole	 ﾠgenome	 ﾠRMs,	 ﾠwe	 ﾠneed	 ﾠa	 ﾠbest	 ﾠestimate	 ﾠof	 ﾠwhat	 ﾠis	 ﾠin	 ﾠeach	 ﾠtube	 ﾠof	 ﾠRM	 ﾠDNA,	 ﾠ
describing	 ﾠpotential	 ﾠbiases	 ﾠand	 ﾠestimating	 ﾠthe	 ﾠconfidence	 ﾠof	 ﾠthe	 ﾠreported	 ﾠcharacteristics.	 ﾠ	 ﾠTo	 ﾠ
develop	 ﾠthese	 ﾠdata,	 ﾠwe	 ﾠare	 ﾠdeveloping	 ﾠmethods	 ﾠto	 ﾠarbitrate	 ﾠbetween	 ﾠresults	 ﾠfrom	 ﾠmultiple	 ﾠ
sequencing	 ﾠand	 ﾠbioinformatics	 ﾠmethods.	 ﾠThe	 ﾠresulting	 ﾠarbitrated	 ﾠintegrated	 ﾠgenotypes	 ﾠcan	 ﾠ
then	 ﾠbe	 ﾠused	 ﾠas	 ﾠa	 ﾠbenchmark	 ﾠto	 ﾠassess	 ﾠrates	 ﾠof	 ﾠfalse	 ﾠpositive	 ﾠ(FPs,	 ﾠor	 ﾠcalling	 ﾠa	 ﾠvariant	 ﾠat	 ﾠa	 ﾠ
homozygous	 ﾠreference	 ﾠsite),	 ﾠfalse	 ﾠnegatives	 ﾠ(FNs,	 ﾠor	 ﾠcalling	 ﾠhomozygous	 ﾠreference	 ﾠat	 ﾠa	 ﾠvariant	 ﾠ
site),	 ﾠand	 ﾠother	 ﾠgenotype	 ﾠcalling	 ﾠerrors	 ﾠ(e.g.,	 ﾠcalling	 ﾠhomozygous	 ﾠvariant	 ﾠat	 ﾠa	 ﾠheterozygous	 ﾠsite).	 ﾠ
FP	 ﾠrates	 ﾠare	 ﾠtypically	 ﾠestimated	 ﾠby	 ﾠconfirming	 ﾠa	 ﾠsubset	 ﾠof	 ﾠvariant	 ﾠcalls	 ﾠwith	 ﾠan	 ﾠ
orthogonal	 ﾠtechnology,	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠeffective	 ﾠexcept	 ﾠfor	 ﾠgenome	 ﾠcontexts	 ﾠthat	 ﾠare	 ﾠalso	 ﾠ
difficult	 ﾠfor	 ﾠthe	 ﾠorthogonal	 ﾠtechnology.
13	 ﾠGenome-ﾭ‐wide	 ﾠFN	 ﾠrates	 ﾠare	 ﾠmuch	 ﾠmore	 ﾠdifficult	 ﾠto	 ﾠ
estimate	 ﾠbecause	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠtrue	 ﾠnegatives	 ﾠin	 ﾠthe	 ﾠgenome	 ﾠis	 ﾠoverwhelmingly	 ﾠlarge	 ﾠ(i.e.,	 ﾠ
most	 ﾠbases	 ﾠmatch	 ﾠthe	 ﾠreference	 ﾠassembly).	 ﾠ	 ﾠTypically,	 ﾠif	 ﾠstudies	 ﾠestimate	 ﾠFN	 ﾠrates,	 ﾠthey	 ﾠuse	 ﾠ
microarray	 ﾠdata	 ﾠfrom	 ﾠthe	 ﾠsame	 ﾠsample,	 ﾠbut	 ﾠmicroarrays	 ﾠare	 ﾠhypothesis-ﾭ‐driven,	 ﾠin	 ﾠthat	 ﾠthey	 ﾠonly	 ﾠ
have	 ﾠgenotype	 ﾠcontent	 ﾠwith	 ﾠknown	 ﾠcommon	 ﾠSNPs	 ﾠin	 ﾠregions	 ﾠof	 ﾠthe	 ﾠgenome	 ﾠaccessible	 ﾠto	 ﾠthe	 ﾠ
technology.	 ﾠ	 ﾠTransition/transversion	 ﾠ(Ti/Tv)	 ﾠratios	 ﾠare	 ﾠsometimes	 ﾠused	 ﾠto	 ﾠestimate	 ﾠFP	 ﾠrates	 ﾠfor	 ﾠ
SNPs,	 ﾠsince	 ﾠlower	 ﾠvalues	 ﾠcloser	 ﾠto	 ﾠ0.5	 ﾠtend	 ﾠto	 ﾠindicate	 ﾠmore	 ﾠFPs.	 ﾠ	 ﾠHowever,	 ﾠTi/Tv	 ﾠof	 ﾠreal	 ﾠ
mutations	 ﾠis	 ﾠvariable	 ﾠfor	 ﾠdifferent	 ﾠregions	 ﾠof	 ﾠthe	 ﾠgenome	 ﾠ(e.g.,	 ﾠexome	 ﾠvs.	 ﾠnon-ﾭ‐exome),	 ﾠand	 ﾠthe	 ﾠ
“expected”	 ﾠTi/Tv	 ﾠis	 ﾠnot	 ﾠclear	 ﾠsince	 ﾠit	 ﾠis	 ﾠalso	 ﾠhypothesis-ﾭ‐driven,	 ﾠderived	 ﾠempirically	 ﾠfrom	 ﾠ“easier”	 ﾠ
and	 ﾠmore	 ﾠcommon	 ﾠvariants.	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠTherefore,	 ﾠwe	 ﾠpropose	 ﾠthe	 ﾠuse	 ﾠof	 ﾠwell-ﾭ‐characterized	 ﾠwhole	 ﾠgenome	 ﾠreference	 ﾠmaterials	 ﾠto	 ﾠ
estimate	 ﾠboth	 ﾠFN	 ﾠand	 ﾠFP	 ﾠrates	 ﾠof	 ﾠany	 ﾠsequencing	 ﾠmethod,	 ﾠas	 ﾠopposed	 ﾠto	 ﾠusing	 ﾠone	 ﾠorthogonal	 ﾠ
method	 ﾠthat	 ﾠmay	 ﾠhave	 ﾠcorrelated	 ﾠbiases	 ﾠin	 ﾠgenotyping	 ﾠand	 ﾠ“blind	 ﾠspots,”	 ﾠor	 ﾠan	 ﾠemphasis	 ﾠon	 ﾠ
common	 ﾠvariants	 ﾠand	 ﾠmore	 ﾠaccessible	 ﾠregions	 ﾠof	 ﾠthe	 ﾠgenome.	 ﾠ	 ﾠWhen	 ﾠcharacterizing	 ﾠthe	 ﾠ
reference	 ﾠmaterial	 ﾠitself,	 ﾠboth	 ﾠa	 ﾠlow	 ﾠFN	 ﾠrate	 ﾠ(i.e.,	 ﾠcalling	 ﾠa	 ﾠhigh	 ﾠproportion	 ﾠof	 ﾠtrue	 ﾠvariant	 ﾠ
genotypes,	 ﾠor	 ﾠhigh	 ﾠsensitivity)	 ﾠand	 ﾠa	 ﾠlow	 ﾠFP	 ﾠrate	 ﾠ(i.e.,	 ﾠa	 ﾠhigh	 ﾠproportion	 ﾠof	 ﾠthe	 ﾠcalled	 ﾠvariant	 ﾠ
genotypes	 ﾠare	 ﾠcorrect,	 ﾠor	 ﾠhigh	 ﾠspecificity)	 ﾠare	 ﾠvery	 ﾠimportant	 ﾠ(see	 ﾠSupplementary	 ﾠTable	 ﾠS1).	 ﾠ	 ﾠA	 ﾠ	 ﾠ 3	 ﾠ
low	 ﾠFN	 ﾠrate	 ﾠis	 ﾠimportant	 ﾠbecause	 ﾠlocations	 ﾠthat	 ﾠare	 ﾠincorrectly	 ﾠcalled	 ﾠnon-ﾭ‐variant	 ﾠin	 ﾠthe	 ﾠhighly	 ﾠ
confident	 ﾠcall	 ﾠset	 ﾠwould	 ﾠcause	 ﾠthe	 ﾠFP	 ﾠrate	 ﾠof	 ﾠan	 ﾠaccurate	 ﾠmethod	 ﾠto	 ﾠbe	 ﾠoverestimated.	 ﾠ	 ﾠ
Conversely,	 ﾠa	 ﾠlow	 ﾠFP	 ﾠrate	 ﾠis	 ﾠimportant	 ﾠbecause	 ﾠlocations	 ﾠthat	 ﾠare	 ﾠincorrectly	 ﾠcalled	 ﾠvariant	 ﾠin	 ﾠ
the	 ﾠhighly	 ﾠconfident	 ﾠcall	 ﾠset	 ﾠwould	 ﾠcause	 ﾠthe	 ﾠFN	 ﾠrate	 ﾠof	 ﾠan	 ﾠaccurate	 ﾠmethod	 ﾠto	 ﾠbe	 ﾠ
overestimated.	 ﾠ	 ﾠ	 ﾠBases	 ﾠwith	 ﾠuncertain	 ﾠgenotypes	 ﾠin	 ﾠthe	 ﾠhighly	 ﾠconfident	 ﾠcall	 ﾠset	 ﾠare	 ﾠnot	 ﾠas	 ﾠ
detrimental	 ﾠto	 ﾠperformance	 ﾠassessment	 ﾠas	 ﾠincorrect	 ﾠgenotypes.	 ﾠ	 ﾠHowever,	 ﾠuncertain	 ﾠgenotypes	 ﾠ
in	 ﾠthe	 ﾠreference	 ﾠmaterial	 ﾠwill	 ﾠtypically	 ﾠresult	 ﾠin	 ﾠlower	 ﾠestimated	 ﾠFN	 ﾠand	 ﾠFP	 ﾠrates	 ﾠfor	 ﾠa	 ﾠmethod	 ﾠ
being	 ﾠexamined,	 ﾠbecause	 ﾠthey	 ﾠtend	 ﾠto	 ﾠfall	 ﾠin	 ﾠdifficult-ﾭ‐to-ﾭ‐sequence	 ﾠregions	 ﾠof	 ﾠthe	 ﾠgenome.	 ﾠ	 ﾠ
	 ﾠ Low	 ﾠFP	 ﾠand	 ﾠFN	 ﾠrates	 ﾠcannot	 ﾠbe	 ﾠreliably	 ﾠobtained	 ﾠfrom	 ﾠfiltering	 ﾠof	 ﾠlow	 ﾠvariant	 ﾠquality	 ﾠ
scores	 ﾠalone,	 ﾠbecause	 ﾠbiases	 ﾠin	 ﾠthe	 ﾠsequencing	 ﾠand	 ﾠbioinformatics	 ﾠmethods	 ﾠare	 ﾠnot	 ﾠall	 ﾠincluded	 ﾠ
in	 ﾠthe	 ﾠvariant	 ﾠquality	 ﾠscores.	 ﾠ	 ﾠTherefore,	 ﾠseveral	 ﾠvariant	 ﾠcallers	 ﾠuse	 ﾠa	 ﾠvariety	 ﾠof	 ﾠcharacteristics	 ﾠ
(or	 ﾠannotations)	 ﾠof	 ﾠvariants	 ﾠto	 ﾠfilter	 ﾠlikely	 ﾠFP	 ﾠcalls	 ﾠfrom	 ﾠa	 ﾠdataset.	 ﾠ	 ﾠHowever,	 ﾠfiltering	 ﾠFPs	 ﾠ
without	 ﾠfiltering	 ﾠtrue	 ﾠvariants	 ﾠcan	 ﾠbe	 ﾠdifficult,	 ﾠsince	 ﾠannotations	 ﾠare	 ﾠnot	 ﾠperfectly	 ﾠspecific	 ﾠfor	 ﾠ
errors.	 ﾠ
While	 ﾠlarge	 ﾠdatasets	 ﾠsuch	 ﾠas	 ﾠwhole	 ﾠgenome	 ﾠsequencing	 ﾠdatasets	 ﾠpose	 ﾠchallenges	 ﾠfor	 ﾠ
analysis	 ﾠdue	 ﾠto	 ﾠtheir	 ﾠlarge	 ﾠsize,	 ﾠmachine	 ﾠlearning	 ﾠalgorithms	 ﾠcan	 ﾠtake	 ﾠadvantage	 ﾠof	 ﾠthe	 ﾠlarge	 ﾠ
number	 ﾠof	 ﾠsites	 ﾠacross	 ﾠa	 ﾠwhole	 ﾠhuman	 ﾠgenome	 ﾠto	 ﾠlearn	 ﾠthe	 ﾠoptimal	 ﾠway	 ﾠto	 ﾠcombine	 ﾠ
annotations	 ﾠand	 ﾠfilter	 ﾠgenotype	 ﾠerrors.	 ﾠ	 ﾠFor	 ﾠexample,	 ﾠthe	 ﾠGenome	 ﾠAnalysis	 ﾠToolKit	 ﾠ(GATK)	 ﾠ
includes	 ﾠa	 ﾠVariant	 ﾠQuality	 ﾠScore	 ﾠRecalibration	 ﾠ(VQSR)	 ﾠmodule	 ﾠthat	 ﾠuses	 ﾠannotations	 ﾠrelated	 ﾠto	 ﾠ
strand	 ﾠbias,	 ﾠmapping	 ﾠquality,	 ﾠallele	 ﾠbalance,	 ﾠposition	 ﾠinside	 ﾠthe	 ﾠread,	 ﾠetc.	 ﾠto	 ﾠfilter	 ﾠpotential	 ﾠ
errors.
14,	 ﾠ15	 ﾠ	 ﾠGATK	 ﾠtrains	 ﾠa	 ﾠGaussian	 ﾠMixture	 ﾠModel	 ﾠusing	 ﾠsuspected	 ﾠtrue	 ﾠpositive	 ﾠvariants	 ﾠto	 ﾠfind	 ﾠ
the	 ﾠoptimal	 ﾠway	 ﾠto	 ﾠfilter	 ﾠFPs	 ﾠwhile	 ﾠretaining	 ﾠa	 ﾠspecified	 ﾠsensitivity	 ﾠto	 ﾠlikely	 ﾠtrue	 ﾠpositive	 ﾠ
variants.	 ﾠ	 ﾠThe	 ﾠcurrent	 ﾠGATK	 ﾠBest	 ﾠPractices	 ﾠ(v4)	 ﾠrecommend	 ﾠusing	 ﾠHapMap	 ﾠsites	 ﾠas	 ﾠlikely	 ﾠtrue	 ﾠ
positives,	 ﾠand	 ﾠOMNI	 ﾠmicroarray	 ﾠand	 ﾠHapMap	 ﾠsites	 ﾠfor	 ﾠtraining.	 ﾠ	 ﾠWe	 ﾠhave	 ﾠadapted	 ﾠGATK	 ﾠVQSR	 ﾠ
to	 ﾠuse	 ﾠsites	 ﾠthat	 ﾠare	 ﾠmostly	 ﾠconcordant	 ﾠacross	 ﾠmultiple	 ﾠsequencing	 ﾠdatasets	 ﾠfrom	 ﾠdifferent	 ﾠ
platforms	 ﾠas	 ﾠthe	 ﾠtraining	 ﾠset	 ﾠto	 ﾠgive	 ﾠit	 ﾠa	 ﾠlarger,	 ﾠmore	 ﾠrobust	 ﾠtraining	 ﾠset.	 ﾠ
Currently,	 ﾠGATK	 ﾠand	 ﾠother	 ﾠvariant	 ﾠcallers	 ﾠdo	 ﾠnot	 ﾠeffectively	 ﾠuse	 ﾠmultiple	 ﾠdatasets	 ﾠfrom	 ﾠ
the	 ﾠsame	 ﾠsample	 ﾠto	 ﾠrefine	 ﾠgenotype	 ﾠcalls	 ﾠand	 ﾠfind	 ﾠlikely	 ﾠFPs	 ﾠand	 ﾠFNs.	 ﾠ	 ﾠA	 ﾠcouple	 ﾠmethods	 ﾠhave	 ﾠ
recently	 ﾠbeen	 ﾠproposed	 ﾠby	 ﾠthe	 ﾠ1000	 ﾠGenomes	 ﾠProject	 ﾠto	 ﾠintegrate	 ﾠmultiple	 ﾠvariant	 ﾠcall	 ﾠsets,	 ﾠbut	 ﾠ
these	 ﾠmethods	 ﾠhave	 ﾠnot	 ﾠbeen	 ﾠused	 ﾠto	 ﾠarbitrate	 ﾠbetween	 ﾠdatasets	 ﾠfrom	 ﾠdifferent	 ﾠsequencing	 ﾠ
methods	 ﾠon	 ﾠthe	 ﾠsame	 ﾠgenome.
16	 ﾠTherefore,	 ﾠwe	 ﾠhave	 ﾠextended	 ﾠGATK’s	 ﾠmethods	 ﾠto	 ﾠintegrate	 ﾠ
information	 ﾠfrom	 ﾠmultiple	 ﾠpublicly	 ﾠavailable	 ﾠdatasets	 ﾠof	 ﾠthe	 ﾠsame	 ﾠsample,	 ﾠand	 ﾠuse	 ﾠVQSR	 ﾠto	 ﾠ
identify	 ﾠpossible	 ﾠFPs	 ﾠand	 ﾠarbitrate	 ﾠbetween	 ﾠdiscordant	 ﾠdatasets	 ﾠ(see	 ﾠFig.	 ﾠ1	 ﾠand	 ﾠSupplementary	 ﾠ
Fig.	 ﾠS1).	 ﾠ	 ﾠIn	 ﾠthis	 ﾠway,	 ﾠwe	 ﾠcan	 ﾠintegrate	 ﾠdatasets	 ﾠfrom	 ﾠmultiple	 ﾠsequencing	 ﾠtechnologies	 ﾠand	 ﾠ
minimize	 ﾠbias	 ﾠtowards	 ﾠany	 ﾠparticular	 ﾠsequencing	 ﾠtechnology,	 ﾠsimilar	 ﾠto	 ﾠco-ﾭ‐training	 ﾠin	 ﾠsemi-ﾭ‐
supervised	 ﾠmachine	 ﾠlearning.
17	 ﾠ	 ﾠAny	 ﾠparticular	 ﾠtechnology	 ﾠhas	 ﾠlocations	 ﾠin	 ﾠthe	 ﾠgenome	 ﾠthat	 ﾠare	 ﾠ
erroneous	 ﾠor	 ﾠambiguous	 ﾠdue	 ﾠto	 ﾠsystematic	 ﾠsequencing	 ﾠerrors	 ﾠ(e.g.,	 ﾠthe	 ﾠGGT	 ﾠmotif	 ﾠin	 ﾠIllumina)	 ﾠ
or	 ﾠbiases	 ﾠin	 ﾠcoverage.
7	 ﾠ	 ﾠWhile	 ﾠalgorithms	 ﾠcan	 ﾠfilter	 ﾠsome	 ﾠsystematic	 ﾠsequencing	 ﾠerrors,	 ﾠthey	 ﾠ
cannot	 ﾠperfectly	 ﾠdistinguish	 ﾠbetween	 ﾠfalse	 ﾠpositives	 ﾠand	 ﾠtrue	 ﾠpositives.	 ﾠ	 ﾠUsing	 ﾠmultiple	 ﾠ
platforms	 ﾠthat	 ﾠhave	 ﾠdifferent	 ﾠsystematic	 ﾠsequencing	 ﾠerrors	 ﾠcan	 ﾠhelp	 ﾠdistinguish	 ﾠbetween	 ﾠtrue	 ﾠ
positives	 ﾠand	 ﾠfalse	 ﾠpositives	 ﾠin	 ﾠany	 ﾠparticular	 ﾠsequencing	 ﾠtechnology.	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠregions	 ﾠwith	 ﾠ
very	 ﾠlow	 ﾠcoverage	 ﾠin	 ﾠone	 ﾠplatform	 ﾠcan	 ﾠhave	 ﾠsufficient	 ﾠcoverage	 ﾠin	 ﾠa	 ﾠdifferent	 ﾠplatform	 ﾠto	 ﾠmake	 ﾠ
a	 ﾠgenotype	 ﾠcall.	 ﾠThe	 ﾠresulting	 ﾠmethods,	 ﾠRMs,	 ﾠand	 ﾠintegrated	 ﾠgenotype	 ﾠcalls	 ﾠare	 ﾠa	 ﾠpublic	 ﾠ	 ﾠ 4	 ﾠ




Fig.	 ﾠ1:	 ﾠDescription	 ﾠof	 ﾠthe	 ﾠprocess	 ﾠused	 ﾠto	 ﾠdevelop	 ﾠhighly	 ﾠconfident	 ﾠgenotype	 ﾠcalls	 ﾠby	 ﾠarbitrating	 ﾠ
differences	 ﾠbetween	 ﾠmultiple	 ﾠdatasets	 ﾠfrom	 ﾠdifferent	 ﾠsequencing	 ﾠplatforms,	 ﾠand	 ﾠdefine	 ﾠregions	 ﾠ
of	 ﾠthe	 ﾠgenome	 ﾠthat	 ﾠcould	 ﾠbe	 ﾠconfidently	 ﾠgenotyped.	 ﾠ	 ﾠA	 ﾠmore	 ﾠdetailed	 ﾠdescription	 ﾠof	 ﾠour	 ﾠ
methods	 ﾠand	 ﾠexamples	 ﾠof	 ﾠarbitration	 ﾠare	 ﾠin	 ﾠSupplementary	 ﾠFigs.	 ﾠS1-ﾭ‐S3.	 ﾠ
	 ﾠ
Results	 ﾠ
Arbitrating	 ﾠbetween	 ﾠdatasets	 ﾠthat	 ﾠdisagree	 ﾠ
To	 ﾠdevelop	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotype	 ﾠcalls,	 ﾠwe	 ﾠuse	 ﾠthe	 ﾠ11	 ﾠwhole	 ﾠgenome	 ﾠand	 ﾠ3	 ﾠexome	 ﾠ
datasets	 ﾠfrom	 ﾠ5	 ﾠsequencing	 ﾠplatforms	 ﾠand	 ﾠ7	 ﾠmappers,	 ﾠas	 ﾠdescribed	 ﾠin	 ﾠTable	 ﾠ1.	 ﾠ	 ﾠFor	 ﾠthe	 ﾠ
hundreds	 ﾠof	 ﾠthousands	 ﾠof	 ﾠpossible	 ﾠSNP	 ﾠsites	 ﾠin	 ﾠthe	 ﾠwhole	 ﾠgenome	 ﾠthat	 ﾠdiffer	 ﾠbetween	 ﾠ
sequencing	 ﾠplatforms	 ﾠand	 ﾠvariant	 ﾠcallers,	 ﾠwe	 ﾠdeveloped	 ﾠmethods	 ﾠto	 ﾠidentify	 ﾠbiases	 ﾠand	 ﾠ
arbitrate	 ﾠbetween	 ﾠdiffering	 ﾠdatasets	 ﾠ(see	 ﾠFig.	 ﾠ1	 ﾠand	 ﾠSupplementary	 ﾠFigs.	 ﾠS1	 ﾠto	 ﾠS3).	 ﾠ	 ﾠ	 ﾠBriefly,	 ﾠwe	 ﾠ
first	 ﾠselected	 ﾠall	 ﾠsites	 ﾠthat	 ﾠhad	 ﾠeven	 ﾠsmall	 ﾠevidence	 ﾠfor	 ﾠa	 ﾠSNP	 ﾠor	 ﾠindel	 ﾠin	 ﾠany	 ﾠdataset.	 ﾠ	 ﾠThen,	 ﾠwe	 ﾠ
used	 ﾠpreviously	 ﾠexisting	 ﾠand	 ﾠnew	 ﾠannotations	 ﾠin	 ﾠthe	 ﾠGATK	 ﾠVQSR	 ﾠGaussian	 ﾠMixture	 ﾠModel	 ﾠto	 ﾠ
identify	 ﾠsites	 ﾠin	 ﾠeach	 ﾠdataset	 ﾠwith	 ﾠcharacteristics	 ﾠof	 ﾠbiases,	 ﾠincluding	 ﾠsystematic	 ﾠsequencing	 ﾠ
errors	 ﾠ(SSEs),
18,	 ﾠ19	 ﾠlocal	 ﾠalignment	 ﾠdifficulties,	 ﾠmapping	 ﾠdifficulties,	 ﾠor	 ﾠabnormal	 ﾠallele	 ﾠbalance.	 ﾠ	 ﾠ
Unlike	 ﾠthe	 ﾠnormal	 ﾠVQSR	 ﾠmethods,	 ﾠwe	 ﾠtrained	 ﾠVQSR	 ﾠindependently	 ﾠfor	 ﾠeach	 ﾠdataset	 ﾠfor	 ﾠ
homozygous	 ﾠand	 ﾠheterozygous	 ﾠcalls	 ﾠusing	 ﾠconsensus	 ﾠgenotypes	 ﾠacross	 ﾠall	 ﾠdatasets.	 ﾠ	 ﾠFor	 ﾠeach	 ﾠ
site	 ﾠwhere	 ﾠgenotypes	 ﾠin	 ﾠdifferent	 ﾠdatasets	 ﾠdisagreed,	 ﾠwe	 ﾠsequentially	 ﾠfiltered	 ﾠdatasets	 ﾠwith	 ﾠ
characteristics	 ﾠof	 ﾠ(1)	 ﾠsystematic	 ﾠsequencing	 ﾠerrors,	 ﾠ(2)	 ﾠalignment	 ﾠuncertainty,	 ﾠand	 ﾠ(3)	 ﾠatypical	 ﾠ
allele	 ﾠbalance.	 ﾠ	 ﾠWe	 ﾠprogressively	 ﾠfiltered	 ﾠlower	 ﾠVQSR	 ﾠtranches	 ﾠof	 ﾠeach	 ﾠcharacteristic	 ﾠuntil	 ﾠat	 ﾠ
least	 ﾠ5	 ﾠtimes	 ﾠmore	 ﾠdatasets	 ﾠagree	 ﾠthan	 ﾠdisagree	 ﾠ(e.g.,	 ﾠif	 ﾠ5	 ﾠor	 ﾠmore	 ﾠdatasets	 ﾠconfidently	 ﾠcall	 ﾠone	 ﾠ
genotype,	 ﾠand	 ﾠ1	 ﾠor	 ﾠfewer	 ﾠdatasets	 ﾠconfidently	 ﾠcall	 ﾠa	 ﾠdifferent	 ﾠgenotype).	 ﾠ	 ﾠIf	 ﾠfewer	 ﾠthan	 ﾠ2	 ﾠ	 ﾠ 5	 ﾠ
remaining	 ﾠdatasets	 ﾠagree,	 ﾠor	 ﾠif	 ﾠthe	 ﾠremaining	 ﾠdatasets	 ﾠhad	 ﾠcharacteristics	 ﾠof	 ﾠsystematic	 ﾠ
sequencing	 ﾠerrors,	 ﾠlocal	 ﾠalignment	 ﾠdifficulties,	 ﾠmapping	 ﾠdifficulties,	 ﾠor	 ﾠabnormal	 ﾠallele	 ﾠbalance,	 ﾠ
then	 ﾠthe	 ﾠsite	 ﾠwas	 ﾠconsidered	 ﾠuncertain.	 ﾠ	 ﾠNote	 ﾠthat	 ﾠmapping	 ﾠbias	 ﾠwas	 ﾠonly	 ﾠused	 ﾠto	 ﾠmark	 ﾠsites	 ﾠas	 ﾠ
uncertain	 ﾠbecause	 ﾠmapping	 ﾠquality	 ﾠscores	 ﾠare	 ﾠnot	 ﾠscaled	 ﾠsimilarly	 ﾠto	 ﾠallow	 ﾠarbitration	 ﾠbetween	 ﾠ
datasets	 ﾠmapped	 ﾠwith	 ﾠdifferent	 ﾠalgorithms.	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠfilter	 ﾠas	 ﾠuncertain	 ﾠ(1)	 ﾠregions	 ﾠwith	 ﾠ
simple	 ﾠrepeats	 ﾠnot	 ﾠcompletely	 ﾠcovered	 ﾠby	 ﾠreads	 ﾠfrom	 ﾠany	 ﾠdataset,	 ﾠ(2)	 ﾠregions	 ﾠwith	 ﾠknown	 ﾠ
tandem	 ﾠduplications	 ﾠnot	 ﾠin	 ﾠthe	 ﾠGRCh37	 ﾠgenome	 ﾠreference	 ﾠassembly	 ﾠ(which	 ﾠwas	 ﾠpartly	 ﾠ
developed	 ﾠfrom	 ﾠNA12878	 ﾠfosmid	 ﾠclones	 ﾠand	 ﾠis	 ﾠavailable	 ﾠat	 ﾠ
http://humanparalogy.gs.washington.edu/),	 ﾠ(2)	 ﾠregions	 ﾠparalogous	 ﾠto	 ﾠthe	 ﾠ1000	 ﾠGenomes	 ﾠ
“decoy	 ﾠreference”,	 ﾠ(3)	 ﾠregions	 ﾠin	 ﾠthe	 ﾠRepeatSeq	 ﾠdatabase,	 ﾠand	 ﾠ(4)	 ﾠregions	 ﾠinside	 ﾠstructural	 ﾠ
variants	 ﾠfor	 ﾠNA12878	 ﾠthat	 ﾠhave	 ﾠbeen	 ﾠsubmitted	 ﾠto	 ﾠdbVar.	 ﾠ	 ﾠWe	 ﾠprovide	 ﾠa	 ﾠfile	 ﾠin	 ﾠbed	 ﾠformat	 ﾠthat	 ﾠ
specifies	 ﾠthe	 ﾠregions	 ﾠin	 ﾠwhich	 ﾠwe	 ﾠcan	 ﾠconfidently	 ﾠcall	 ﾠthe	 ﾠgenotype.	 ﾠ	 ﾠAs	 ﾠshown	 ﾠin	 ﾠTable	 ﾠS2,	 ﾠ
before	 ﾠfiltering	 ﾠstructural	 ﾠvariants,	 ﾠwe	 ﾠare	 ﾠable	 ﾠto	 ﾠcall	 ﾠconfidently	 ﾠ87.6%	 ﾠof	 ﾠthe	 ﾠnon-ﾭ‐N	 ﾠbases	 ﾠin	 ﾠ
chromosomes	 ﾠ1-ﾭ‐22	 ﾠand	 ﾠX,	 ﾠincluding	 ﾠ2,484,884,293	 ﾠhomozygous	 ﾠreference	 ﾠsites,	 ﾠ3,137,725	 ﾠ
SNPs,	 ﾠand	 ﾠ201,629	 ﾠindels.	 ﾠExcluding	 ﾠstructural	 ﾠvariants	 ﾠconservatively	 ﾠexcludes	 ﾠan	 ﾠadditional	 ﾠ
10%	 ﾠof	 ﾠthe	 ﾠgenome,	 ﾠwith	 ﾠ2,195,078,292	 ﾠhomozygous	 ﾠreference	 ﾠsites,	 ﾠ2,741,014	 ﾠSNPs,	 ﾠand	 ﾠ
174,718	 ﾠindels	 ﾠremaining.	 ﾠ	 ﾠThe	 ﾠbed	 ﾠfile	 ﾠcontaining	 ﾠstructural	 ﾠvariants,	 ﾠas	 ﾠwell	 ﾠas	 ﾠsome	 ﾠof	 ﾠthe	 ﾠ
other	 ﾠbed	 ﾠfiles	 ﾠcontaining	 ﾠuncertain	 ﾠregions,	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠused	 ﾠto	 ﾠhelp	 ﾠidentify	 ﾠsites	 ﾠin	 ﾠan	 ﾠ
assessed	 ﾠvariant	 ﾠcall	 ﾠfile	 ﾠthat	 ﾠmay	 ﾠbe	 ﾠquestionable.	 ﾠ	 ﾠAll	 ﾠvcf	 ﾠand	 ﾠbed	 ﾠfiles	 ﾠare	 ﾠpublicly	 ﾠavailable	 ﾠon	 ﾠ
the	 ﾠGenome	 ﾠin	 ﾠa	 ﾠBottle	 ﾠftp	 ﾠsite	 ﾠdescribed	 ﾠin	 ﾠthe	 ﾠOnline	 ﾠMethods.	 ﾠ
	 ﾠ We	 ﾠalso	 ﾠvaried	 ﾠthe	 ﾠcut-ﾭ‐offs	 ﾠused	 ﾠto	 ﾠdifferentiate	 ﾠbetween	 ﾠhighly	 ﾠconfident	 ﾠand	 ﾠuncertain	 ﾠ
variants,	 ﾠand	 ﾠfound	 ﾠthat	 ﾠthey	 ﾠhad	 ﾠonly	 ﾠa	 ﾠsmall	 ﾠeffect.	 ﾠ	 ﾠWhen	 ﾠvarying	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠsupporting	 ﾠ
datasets	 ﾠrequired	 ﾠto	 ﾠmake	 ﾠa	 ﾠhighly	 ﾠconfident	 ﾠgenotype	 ﾠcall	 ﾠbetween	 ﾠ1	 ﾠand	 ﾠ3,	 ﾠless	 ﾠthan	 ﾠ0.05	 ﾠ%	 ﾠof	 ﾠ
the	 ﾠvariants	 ﾠwere	 ﾠlost	 ﾠor	 ﾠgained	 ﾠcompared	 ﾠto	 ﾠrequiring	 ﾠ2	 ﾠdatasets.	 ﾠ	 ﾠThis	 ﾠvery	 ﾠsmall	 ﾠchange	 ﾠlikely	 ﾠ
results	 ﾠpartially	 ﾠfrom	 ﾠother	 ﾠrequirements,	 ﾠsuch	 ﾠas	 ﾠour	 ﾠcondition	 ﾠthat	 ﾠhighly	 ﾠconfident	 ﾠsites	 ﾠhave	 ﾠ
at	 ﾠleast	 ﾠ2	 ﾠdatasets	 ﾠwithout	 ﾠevidence	 ﾠof	 ﾠbias.	 ﾠ	 ﾠAnother	 ﾠparameter	 ﾠwe	 ﾠvaried	 ﾠwas	 ﾠthe	 ﾠratio	 ﾠof	 ﾠ
datasets	 ﾠthat	 ﾠagree	 ﾠwith	 ﾠthe	 ﾠgenotype	 ﾠto	 ﾠdatasets	 ﾠthat	 ﾠhave	 ﾠa	 ﾠdifferent	 ﾠgenotype.	 ﾠ	 ﾠWith	 ﾠa	 ﾠratio	 ﾠ
of	 ﾠ8	 ﾠor	 ﾠ3,	 ﾠthe	 ﾠcalls	 ﾠdiffer	 ﾠby	 ﾠless	 ﾠthan	 ﾠ0.5%	 ﾠcompared	 ﾠto	 ﾠa	 ﾠratio	 ﾠof	 ﾠ5.	 ﾠ	 ﾠMost	 ﾠof	 ﾠthe	 ﾠcalls	 ﾠlost	 ﾠor	 ﾠ
gained	 ﾠwere	 ﾠconcordant	 ﾠwith	 ﾠthe	 ﾠfosmid	 ﾠcalls,	 ﾠand	 ﾠmost	 ﾠof	 ﾠthe	 ﾠdiscordant	 ﾠsites	 ﾠwere	 ﾠcorrect	 ﾠin	 ﾠ
our	 ﾠhighly	 ﾠconfident	 ﾠgenotypes.	 ﾠ	 ﾠHowever,	 ﾠa	 ﾠsmall	 ﾠnumber	 ﾠof	 ﾠsites	 ﾠgained	 ﾠby	 ﾠlowering	 ﾠ
thresholds	 ﾠappeared	 ﾠto	 ﾠbe	 ﾠquestionable	 ﾠor	 ﾠpossible	 ﾠfalse	 ﾠpositives.	 ﾠ	 ﾠIn	 ﾠgeneral,	 ﾠvarying	 ﾠcutoffs	 ﾠ
has	 ﾠvery	 ﾠlittle	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠresulting	 ﾠgenotypes,	 ﾠdemonstrating	 ﾠthe	 ﾠrobustness	 ﾠof	 ﾠour	 ﾠmethods	 ﾠ
that	 ﾠintegrate	 ﾠmultiple	 ﾠdatasets.	 ﾠ
	 ﾠ
Table	 ﾠ1:	 ﾠDescription	 ﾠof	 ﾠdatasets	 ﾠand	 ﾠtheir	 ﾠprocessing	 ﾠto	 ﾠproduce	 ﾠbam	 ﾠfiles	 ﾠfor	 ﾠour	 ﾠintegration	 ﾠmethods	 ﾠ
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*These	 ﾠdata	 ﾠand	 ﾠother	 ﾠdatasets	 ﾠfor	 ﾠNA12878	 ﾠare	 ﾠavailable	 ﾠat	 ﾠthe	 ﾠGenome	 ﾠin	 ﾠa	 ﾠBottle	 ﾠftp	 ﾠsite	 ﾠat	 ﾠNCBI	 ﾠ
(ftp://ftp-ﾭ‐trace.ncbi.nih.gov/giab/ftp/data/NA12878)	 ﾠand	 ﾠare	 ﾠdescribed	 ﾠon	 ﾠa	 ﾠspreadsheet	 ﾠat	 ﾠ
http://genomeinabottle.org/blog-ﾭ‐entry/existing-ﾭ‐and-ﾭ‐future-ﾭ‐na12878-ﾭ‐datasets.	 ﾠ
	 ﾠ
Different	 ﾠvariant	 ﾠrepresentations	 ﾠmake	 ﾠcomparison	 ﾠdifficult	 ﾠ
Indels	 ﾠand	 ﾠcomplex	 ﾠvariants	 ﾠ(i.e.,	 ﾠnearby	 ﾠSNPs	 ﾠand	 ﾠindels)	 ﾠare	 ﾠparticularly	 ﾠdifficult	 ﾠto	 ﾠ
compare	 ﾠacross	 ﾠdifferent	 ﾠvariant	 ﾠcallers,	 ﾠbecause	 ﾠthey	 ﾠcan	 ﾠfrequently	 ﾠbe	 ﾠrepresented	 ﾠcorrectly	 ﾠ
in	 ﾠmultiple	 ﾠways.	 ﾠ	 ﾠTherefore,	 ﾠwe	 ﾠfirst	 ﾠregularized	 ﾠeach	 ﾠof	 ﾠthe	 ﾠvariant	 ﾠcall	 ﾠfiles	 ﾠ(vcf)	 ﾠusing	 ﾠthe	 ﾠ
vcfallelicprimitives	 ﾠmodule	 ﾠin	 ﾠvcflib	 ﾠ(https://github.com/ekg/vcflib).	 ﾠ	 ﾠRegularization	 ﾠminimizes	 ﾠ
counting	 ﾠdifferent	 ﾠmethods	 ﾠof	 ﾠexpressing	 ﾠthe	 ﾠsame	 ﾠvariant	 ﾠ(e.g.,	 ﾠnearby	 ﾠSNPs/indels)	 ﾠas	 ﾠ
different	 ﾠvariants.	 ﾠ	 ﾠOur	 ﾠregularization	 ﾠprocedure	 ﾠsplits	 ﾠadjacent	 ﾠSNPs	 ﾠinto	 ﾠindividual	 ﾠSNPs,	 ﾠleft-ﾭ‐
aligns	 ﾠindels,	 ﾠand	 ﾠregularizes	 ﾠrepresentation	 ﾠof	 ﾠhomozygous	 ﾠcomplex	 ﾠvariants.	 ﾠ	 ﾠHowever,	 ﾠit	 ﾠ
cannot	 ﾠregularize	 ﾠheterozygous	 ﾠcomplex	 ﾠvariants	 ﾠwithout	 ﾠphasing	 ﾠinformation	 ﾠin	 ﾠthe	 ﾠvcf,	 ﾠsuch	 ﾠ
as	 ﾠindividuals	 ﾠthat	 ﾠare	 ﾠheterozygous	 ﾠfor	 ﾠthe	 ﾠCAGTGA>TCTCT	 ﾠchange	 ﾠthat	 ﾠis	 ﾠaligned	 ﾠin	 ﾠ4	 ﾠdifferent	 ﾠ
ways	 ﾠin	 ﾠFig.	 ﾠ2.	 ﾠ	 ﾠMost	 ﾠalignment-ﾭ‐based	 ﾠvariant	 ﾠcallers	 ﾠwould	 ﾠoutput	 ﾠ4	 ﾠdifferent	 ﾠvcf	 ﾠfiles	 ﾠfor	 ﾠthese	 ﾠ
4	 ﾠrepresentations.	 ﾠ	 ﾠTo	 ﾠavoid	 ﾠthis	 ﾠproblem	 ﾠin	 ﾠour	 ﾠintegration	 ﾠprocess,	 ﾠour	 ﾠcalls	 ﾠare	 ﾠrepresented	 ﾠ
in	 ﾠthe	 ﾠoutput	 ﾠformat	 ﾠof	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠ2.6-ﾭ‐4,	 ﾠwhich	 ﾠregularizes	 ﾠrepresentation	 ﾠby	 ﾠ
performing	 ﾠde	 ﾠnovo	 ﾠassembly.	 ﾠ	 ﾠWhen	 ﾠcomparing	 ﾠcalls	 ﾠfrom	 ﾠother	 ﾠvariant	 ﾠcallers,	 ﾠwe	 ﾠ
recommend	 ﾠusing	 ﾠthe	 ﾠvcfallelicprimitives	 ﾠmodule	 ﾠin	 ﾠvcflib,	 ﾠas	 ﾠwell	 ﾠas	 ﾠmanual	 ﾠinspection	 ﾠof	 ﾠsome	 ﾠ
discordant	 ﾠsites	 ﾠto	 ﾠdetermine	 ﾠwhether	 ﾠthe	 ﾠcalls	 ﾠare	 ﾠactually	 ﾠdifferent	 ﾠrepresentations	 ﾠof	 ﾠthe	 ﾠ
same	 ﾠcomplex	 ﾠvariant.	 ﾠ	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Fig.	 ﾠ2:	 ﾠExample	 ﾠof	 ﾠcomplex	 ﾠvariant	 ﾠwith	 ﾠ4	 ﾠdifferent	 ﾠrepresentations	 ﾠfrom	 ﾠ4	 ﾠdifferent	 ﾠmappers,	 ﾠ
which	 ﾠcan	 ﾠcause	 ﾠdatasets	 ﾠto	 ﾠappear	 ﾠto	 ﾠcall	 ﾠdifferent	 ﾠvariants	 ﾠwhen	 ﾠin	 ﾠreality	 ﾠthey	 ﾠare	 ﾠthe	 ﾠsame	 ﾠ
variant.	 ﾠ	 ﾠIn	 ﾠthis	 ﾠcase,	 ﾠthe	 ﾠ6	 ﾠbases	 ﾠCAGTGA	 ﾠare	 ﾠreplaced	 ﾠby	 ﾠthe	 ﾠ5	 ﾠbases	 ﾠTCTCT	 ﾠat	 ﾠlocation	 ﾠ
114841792-ﾭ‐114841797	 ﾠon	 ﾠchromosome	 ﾠ1.	 ﾠ	 ﾠThe	 ﾠ4	 ﾠsets	 ﾠof	 ﾠreads	 ﾠare	 ﾠfrom	 ﾠIllumina	 ﾠmapped	 ﾠwith	 ﾠ
BWA,	 ﾠ454	 ﾠmapped	 ﾠwith	 ﾠssaha2,	 ﾠComplete	 ﾠGenomics	 ﾠmapped	 ﾠwith	 ﾠCGTools,	 ﾠand	 ﾠIllumina	 ﾠ
mapped	 ﾠwith	 ﾠNovoalign.	 ﾠ
	 ﾠ
Integrated	 ﾠvariant	 ﾠcalls	 ﾠare	 ﾠhighly	 ﾠsensitive	 ﾠand	 ﾠspecific	 ﾠ
Transition/transversion	 ﾠratio	 ﾠ(Ti/Tv)	 ﾠis	 ﾠsometimes	 ﾠused	 ﾠas	 ﾠa	 ﾠmetric	 ﾠfor	 ﾠaccuracy	 ﾠof	 ﾠcalls,	 ﾠ
since	 ﾠthe	 ﾠbiological	 ﾠTi/Tv	 ﾠis	 ﾠsignificantly	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠ0.5	 ﾠTi/Tv	 ﾠexpected	 ﾠfrom	 ﾠrandom	 ﾠ
sequencing	 ﾠerrors.	 ﾠAs	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ2,	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠhave	 ﾠa	 ﾠTi/Tv	 ﾠcomparable	 ﾠto	 ﾠthe	 ﾠ
other	 ﾠdatasets	 ﾠfor	 ﾠcommon	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠwhole	 ﾠgenome	 ﾠand	 ﾠexome,	 ﾠbut	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠ
have	 ﾠa	 ﾠhigher	 ﾠTi/Tv	 ﾠthan	 ﾠthe	 ﾠother	 ﾠdatasets	 ﾠfor	 ﾠnovel	 ﾠwhole	 ﾠgenome	 ﾠvariants,	 ﾠwhich	 ﾠusually	 ﾠ
indicates	 ﾠa	 ﾠlower	 ﾠerror	 ﾠrate.	 ﾠ	 ﾠHowever,	 ﾠit	 ﾠshould	 ﾠbe	 ﾠnoted	 ﾠthat	 ﾠTi/Tv	 ﾠis	 ﾠlimited	 ﾠin	 ﾠits	 ﾠuse	 ﾠsince	 ﾠ
the	 ﾠassumption	 ﾠthat	 ﾠnovel	 ﾠor	 ﾠmore	 ﾠdifficult	 ﾠvariants	 ﾠshould	 ﾠhave	 ﾠthe	 ﾠsame	 ﾠTi/Tv	 ﾠas	 ﾠcommon	 ﾠ
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Table	 ﾠ2:	 ﾠPerformance	 ﾠassessment	 ﾠof	 ﾠ250bp	 ﾠIllumina	 ﾠsequencing	 ﾠmapped	 ﾠwith	 ﾠBWA-ﾭ‐MEM	 ﾠand	 ﾠ
called	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠv2.6	 ﾠ(250bp_HC),	 ﾠComplete	 ﾠGenomics	 ﾠsequencing	 ﾠfrom	 ﾠ2010	 ﾠ
(CG),	 ﾠand	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠvs.	 ﾠOMNI	 ﾠmicroarray	 ﾠSNPs	 ﾠand	 ﾠvs.	 ﾠour	 ﾠIntegrated	 ﾠSNPs/indels,	 ﾠas	 ﾠ
well	 ﾠas	 ﾠtheir	 ﾠoverall	 ﾠtransition/transversion	 ﾠratio	 ﾠ(Ti/Tv)	 ﾠ
	 ﾠ	 ﾠ 	 ﾠ	 ﾠ
OMNI	 ﾠSNPs	 ﾠwith	 ﾠ
Integrated	 ﾠBED	 ﾠfile	 ﾠ
OMNI	 ﾠSNPs	 ﾠwithout	 ﾠ
BED	 ﾠfile	 ﾠ
Integrated	 ﾠSNPs	 ﾠwith	 ﾠ
BED	 ﾠfile	 ﾠ
Integrated	 ﾠindels	 ﾠ





Dataset	 ﾠ Capture?	 ﾠ Sensitivity	 ﾠ Specificity	 ﾠ Sensitivity	 ﾠ Specificity	 ﾠ Sensitivity	 ﾠ PR*	 ﾠ Sensitivity	 ﾠ PR*	 ﾠ Ti/Tv	 ﾠ Ti/Tv	 ﾠ
250bp_HC	 ﾠ Genome	 ﾠ 99.49%	 ﾠ 99.97%	 ﾠ 98.47%	 ﾠ 99.93%	 ﾠ 99.90%	 ﾠ 99.73%	 ﾠ 99.55%	 ﾠ 93.11%	 ﾠ 2.04	 ﾠ 1.43	 ﾠ
CG	 ﾠ Genome	 ﾠ 98.55%	 ﾠ 99.98%	 ﾠ 97.11%	 ﾠ 99.96%	 ﾠ 97.09%	 ﾠ 99.27%	 ﾠ 72.27%	 ﾠ 89.43%	 ﾠ 2.10	 ﾠ 1.29	 ﾠ
Integrated	 ﾠ Genome	 ﾠ 99.54%	 ﾠ 99.98%	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ 2.14	 ﾠ 1.94	 ﾠ
250bp_HC	 ﾠ Exome	 ﾠ 99.55%	 ﾠ 99.98%	 ﾠ 99.10%	 ﾠ 99.96%	 ﾠ 99.90%	 ﾠ 99.58%	 ﾠ 100.00%	 ﾠ 94.60%	 ﾠ 2.60	 ﾠ 1.57	 ﾠ
CG	 ﾠ Exome	 ﾠ 98.35%	 ﾠ 99.99%	 ﾠ 97.64%	 ﾠ 99.96%	 ﾠ 99.00%	 ﾠ 99.04%	 ﾠ 90.00%	 ﾠ 85.86%	 ﾠ 2.71	 ﾠ 1.04	 ﾠ
Integrated	 ﾠ Exome	 ﾠ 99.57%	 ﾠ 99.98%	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ n/a	 ﾠ 2.92	 ﾠ 1.33**	 ﾠ
*	 ﾠPrecision	 ﾠratio	 ﾠ(PR)	 ﾠ=	 ﾠTP/(TP+FP)	 ﾠ–	 ﾠnote	 ﾠthat	 ﾠSpecificity	 ﾠof	 ﾠall	 ﾠdatasets	 ﾠvs.	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠis	 ﾠ
100.00%	 ﾠdue	 ﾠto	 ﾠthe	 ﾠlarge	 ﾠnumber	 ﾠof	 ﾠTNs.	 ﾠ
**	 ﾠOur	 ﾠintegrated	 ﾠcalls	 ﾠonly	 ﾠcontain	 ﾠ30	 ﾠnovel	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠexome,	 ﾠso	 ﾠthe	 ﾠTi/Tv	 ﾠhas	 ﾠa	 ﾠhigh	 ﾠuncertainty	 ﾠ
	 ﾠ
Genotyping	 ﾠmicroarrays	 ﾠare	 ﾠan	 ﾠorthogonal	 ﾠmeasurement	 ﾠmethod	 ﾠthat	 ﾠis	 ﾠsometimes	 ﾠ
used	 ﾠto	 ﾠassess	 ﾠthe	 ﾠaccuracy	 ﾠof	 ﾠsequencing	 ﾠgenotype	 ﾠcalls	 ﾠat	 ﾠsites	 ﾠinterrogated	 ﾠby	 ﾠthe	 ﾠ
microarray.
13	 ﾠ	 ﾠWhen	 ﾠassessed	 ﾠagainst	 ﾠmicroarray	 ﾠgenotype	 ﾠcalls,	 ﾠour	 ﾠintegrated	 ﾠgenotype	 ﾠcalls	 ﾠ
are	 ﾠhighly	 ﾠsensitive	 ﾠand	 ﾠspecific	 ﾠ(see	 ﾠTable	 ﾠ2).	 ﾠ	 ﾠWe	 ﾠcorrectly	 ﾠcalled	 ﾠ564,410	 ﾠSNPs	 ﾠon	 ﾠthe	 ﾠ
microarray,	 ﾠand	 ﾠthere	 ﾠwere	 ﾠ1,332	 ﾠSNPs	 ﾠcalled	 ﾠby	 ﾠthe	 ﾠmicroarray	 ﾠnot	 ﾠin	 ﾠour	 ﾠcalls,	 ﾠand	 ﾠ527	 ﾠ
variants	 ﾠcalls	 ﾠin	 ﾠour	 ﾠset	 ﾠthat	 ﾠwere	 ﾠat	 ﾠpositions	 ﾠcalled	 ﾠhomozygous	 ﾠreference	 ﾠin	 ﾠthe	 ﾠmicroarray.	 ﾠ	 ﾠ
We	 ﾠmanually	 ﾠinspected	 ﾠ2	 ﾠ%	 ﾠof	 ﾠthe	 ﾠSNPs	 ﾠspecific	 ﾠto	 ﾠthe	 ﾠmicroarray	 ﾠand	 ﾠ4	 ﾠ%	 ﾠof	 ﾠthe	 ﾠcalls	 ﾠspecific	 ﾠ
to	 ﾠour	 ﾠcalls.	 ﾠ	 ﾠFor	 ﾠthe	 ﾠmanually	 ﾠinspected	 ﾠSNPs	 ﾠspecific	 ﾠto	 ﾠthe	 ﾠmicroarray,	 ﾠabout	 ﾠhalf	 ﾠwere	 ﾠclearly	 ﾠ
homozygous	 ﾠreference	 ﾠin	 ﾠall	 ﾠsequencing	 ﾠdatasets,	 ﾠwithout	 ﾠany	 ﾠnearby	 ﾠconfounding	 ﾠvariants	 ﾠ
(see	 ﾠSupplementary	 ﾠFig.	 ﾠS19).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠseveral	 ﾠsites	 ﾠwere	 ﾠadjacent	 ﾠto	 ﾠhomopolymers,	 ﾠwhich	 ﾠ
were	 ﾠmostly	 ﾠcorrectly	 ﾠcalled	 ﾠindels	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠcalls	 ﾠ(see	 ﾠSupplementary	 ﾠFigs.	 ﾠS20	 ﾠ
and	 ﾠS21),	 ﾠbut	 ﾠa	 ﾠcouple	 ﾠof	 ﾠour	 ﾠcalls	 ﾠhad	 ﾠincorrect	 ﾠindel	 ﾠlengths	 ﾠ(see	 ﾠSupplementary	 ﾠFigs.	 ﾠS22	 ﾠand	 ﾠ
S23).	 ﾠ	 ﾠA	 ﾠfew	 ﾠsites	 ﾠwere	 ﾠalso	 ﾠincorrectly	 ﾠcalled	 ﾠSNPs	 ﾠby	 ﾠthe	 ﾠarray	 ﾠthat	 ﾠmay	 ﾠhave	 ﾠbeen	 ﾠconfounded	 ﾠ
by	 ﾠnearby	 ﾠvariants	 ﾠ(Supplementary	 ﾠFigs.	 ﾠS24	 ﾠand	 ﾠS25).	 ﾠ	 ﾠWe	 ﾠalso	 ﾠmanually	 ﾠinspected	 ﾠour	 ﾠcalls	 ﾠat	 ﾠ
locations	 ﾠthat	 ﾠwere	 ﾠhomozygous	 ﾠreference	 ﾠin	 ﾠthe	 ﾠmicroarray,	 ﾠand	 ﾠfound	 ﾠthat	 ﾠmany	 ﾠwere	 ﾠtrue	 ﾠ
indels.	 ﾠ	 ﾠThese	 ﾠcalls	 ﾠwere	 ﾠeither	 ﾠtrue	 ﾠindels	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS26),	 ﾠhad	 ﾠnearby	 ﾠvariants	 ﾠ
that	 ﾠconfounded	 ﾠthe	 ﾠprobe	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS27),	 ﾠor	 ﾠthe	 ﾠprobe	 ﾠwas	 ﾠinterrogating	 ﾠa	 ﾠ
different	 ﾠSNP	 ﾠthan	 ﾠthis	 ﾠsample	 ﾠhad	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS28).	 ﾠ	 ﾠ	 ﾠ
We	 ﾠalso	 ﾠcompared	 ﾠour	 ﾠSNP	 ﾠand	 ﾠindel	 ﾠcalls	 ﾠto	 ﾠ“high	 ﾠquality	 ﾠvariants”	 ﾠfound	 ﾠin	 ﾠmultiple	 ﾠ
sequencing	 ﾠplatforms	 ﾠ(mostly	 ﾠsequenced	 ﾠusing	 ﾠSanger	 ﾠsequencing)	 ﾠfor	 ﾠthe	 ﾠGeT-ﾭ‐RM	 ﾠproject	 ﾠ
(http://www.ncbi.nlm.nih.gov/variation/tools/get-ﾭ‐rm/).	 ﾠ	 ﾠOur	 ﾠintegrated	 ﾠcalls	 ﾠcorrectly	 ﾠ
genotyped	 ﾠall	 ﾠ427	 ﾠSNPs	 ﾠand	 ﾠ42	 ﾠindels.	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠcompared	 ﾠto	 ﾠSanger	 ﾠsequencing	 ﾠdata	 ﾠ
from	 ﾠthe	 ﾠXPrize,	 ﾠand	 ﾠfound	 ﾠthat	 ﾠthe	 ﾠcalls	 ﾠwere	 ﾠconcordant	 ﾠfor	 ﾠall	 ﾠ124	 ﾠSNPs	 ﾠand	 ﾠ37	 ﾠindels.	 ﾠ	 ﾠIn	 ﾠ
addition,	 ﾠwe	 ﾠdetermined	 ﾠthat	 ﾠnone	 ﾠof	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvariants	 ﾠfall	 ﾠin	 ﾠthe	 ﾠ366,618	 ﾠbases	 ﾠ
that	 ﾠwere	 ﾠcovered	 ﾠby	 ﾠhigh	 ﾠquality	 ﾠhomozygous	 ﾠreference	 ﾠSanger	 ﾠreads	 ﾠfrom	 ﾠthe	 ﾠGeT-ﾭ‐RM	 ﾠ
project.	 ﾠ	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In	 ﾠaddition,	 ﾠto	 ﾠunderstand	 ﾠthe	 ﾠaccuracy	 ﾠof	 ﾠboth	 ﾠour	 ﾠSNP	 ﾠand	 ﾠindel	 ﾠcalls	 ﾠacross	 ﾠlarger	 ﾠ
regions	 ﾠof	 ﾠthe	 ﾠgenome,	 ﾠwe	 ﾠcompared	 ﾠour	 ﾠcalls	 ﾠto	 ﾠthe	 ﾠfosmid	 ﾠcalls	 ﾠgenerated	 ﾠby	 ﾠthe	 ﾠXPrize	 ﾠfrom	 ﾠ
Illumina	 ﾠand	 ﾠSOLiD	 ﾠsequencing	 ﾠof	 ﾠfosmids	 ﾠcovering	 ﾠone	 ﾠallele	 ﾠof	 ﾠ~5%	 ﾠof	 ﾠthe	 ﾠgenome.	 ﾠ	 ﾠFosmid	 ﾠ
sequencing	 ﾠis	 ﾠadvantageous	 ﾠin	 ﾠthat	 ﾠonly	 ﾠone	 ﾠallele	 ﾠis	 ﾠmeasured,	 ﾠso	 ﾠno	 ﾠheterozygous	 ﾠgenotypes	 ﾠ
should	 ﾠexist.	 ﾠ	 ﾠHowever,	 ﾠbecause	 ﾠonly	 ﾠone	 ﾠallele	 ﾠis	 ﾠmeasured,	 ﾠit	 ﾠcan	 ﾠassess	 ﾠboth	 ﾠFP	 ﾠand	 ﾠFN	 ﾠrates	 ﾠ
of	 ﾠhomozygous	 ﾠcalls,	 ﾠbut	 ﾠit	 ﾠcan	 ﾠonly	 ﾠassess	 ﾠFN	 ﾠrates	 ﾠof	 ﾠheterozygous	 ﾠcalls	 ﾠin	 ﾠour	 ﾠintegrated	 ﾠcalls.	 ﾠ	 ﾠ
Our	 ﾠcalls	 ﾠwere	 ﾠhighly	 ﾠconcordant	 ﾠoverall,	 ﾠwith	 ﾠ76,698	 ﾠconcordant	 ﾠhomozygous	 ﾠSNP	 ﾠcalls,	 ﾠ58,954	 ﾠ
concordant	 ﾠheterozygous	 ﾠSNP	 ﾠcalls,	 ﾠ5,061	 ﾠconcordant	 ﾠhomozygous	 ﾠindel	 ﾠcalls,	 ﾠand	 ﾠ5,881	 ﾠ
concordant	 ﾠheterozygous	 ﾠindel	 ﾠcalls.	 ﾠ	 ﾠ	 ﾠ
To	 ﾠunderstand	 ﾠwhich	 ﾠmethod	 ﾠwas	 ﾠcorrect	 ﾠwhen	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠand	 ﾠthe	 ﾠfosmid	 ﾠcalls	 ﾠ
were	 ﾠdiscordant,	 ﾠwe	 ﾠmanually	 ﾠcurated	 ﾠalignments	 ﾠfrom	 ﾠseveral	 ﾠdatasets	 ﾠin	 ﾠthe	 ﾠregions	 ﾠaround	 ﾠa	 ﾠ
randomly	 ﾠselected	 ﾠ25%	 ﾠof	 ﾠthe	 ﾠdiscordant	 ﾠvariants	 ﾠ(see	 ﾠthe	 ﾠmore	 ﾠdetailed	 ﾠdiscussion	 ﾠin	 ﾠthe	 ﾠ
Supplementary	 ﾠinformation	 ﾠand	 ﾠSupplementary	 ﾠFigs.	 ﾠS4	 ﾠto	 ﾠS17	 ﾠfor	 ﾠsome	 ﾠexamples).	 ﾠ	 ﾠManual	 ﾠ
curation	 ﾠof	 ﾠalignments	 ﾠfrom	 ﾠmultiple	 ﾠdatasets,	 ﾠaligners,	 ﾠand	 ﾠsequencing	 ﾠplatforms	 ﾠallowed	 ﾠus	 ﾠto	 ﾠ
resolve	 ﾠthe	 ﾠreasons	 ﾠfor	 ﾠall	 ﾠof	 ﾠthe	 ﾠdifferences	 ﾠbetween	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠand	 ﾠthe	 ﾠfosmid	 ﾠcalls.	 ﾠ	 ﾠ
For	 ﾠthe	 ﾠmanually	 ﾠcurated	 ﾠvariants	 ﾠin	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠand	 ﾠnot	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠcalls,	 ﾠalmost	 ﾠall	 ﾠ
were	 ﾠFNs	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠcalls	 ﾠdue	 ﾠto	 ﾠmis-ﾭ‐called	 ﾠcomplex	 ﾠvariants	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS4)	 ﾠor	 ﾠ
overly	 ﾠstringent	 ﾠfiltering	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS5).	 ﾠ	 ﾠFor	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠcalls	 ﾠand	 ﾠnot	 ﾠin	 ﾠ
our	 ﾠintegrated	 ﾠcalls,	 ﾠseveral	 ﾠreasons	 ﾠwere	 ﾠfound	 ﾠfor	 ﾠthe	 ﾠdifferences,	 ﾠbut	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠ
appeared	 ﾠto	 ﾠbe	 ﾠcorrect	 ﾠexcept	 ﾠfor	 ﾠa	 ﾠfew	 ﾠpartial	 ﾠcomplex	 ﾠvariant	 ﾠcalls.	 ﾠThe	 ﾠfosmids	 ﾠcontain	 ﾠ119	 ﾠ
million	 ﾠreference	 ﾠbases	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions,	 ﾠand	 ﾠwe	 ﾠmanually	 ﾠcurated	 ﾠ25%	 ﾠof	 ﾠ
discordant	 ﾠvariants	 ﾠin	 ﾠthese	 ﾠbases.	 ﾠ	 ﾠTherefore,	 ﾠthis	 ﾠanalysis	 ﾠsuggests	 ﾠthat	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠ
likely	 ﾠcontain	 ﾠ~3	 ﾠpartial	 ﾠcomplex	 ﾠvariant	 ﾠcalls	 ﾠand	 ﾠbetween	 ﾠ0	 ﾠand	 ﾠ1	 ﾠfalse	 ﾠpositive	 ﾠor	 ﾠfalse	 ﾠ
negative	 ﾠsimple	 ﾠSNP	 ﾠor	 ﾠindel	 ﾠcalls	 ﾠper	 ﾠ30	 ﾠmillion	 ﾠhighly	 ﾠconfident	 ﾠbases,	 ﾠin	 ﾠwhich	 ﾠour	 ﾠintegrated	 ﾠ
calls	 ﾠcontain	 ﾠ~94,500	 ﾠTP	 ﾠSNPs	 ﾠand	 ﾠ~1400	 ﾠTP	 ﾠindels.	 ﾠ	 ﾠ
Finally,	 ﾠto	 ﾠensure	 ﾠour	 ﾠvariant	 ﾠcalling	 ﾠmethods	 ﾠare	 ﾠnot	 ﾠmissing	 ﾠany	 ﾠsites	 ﾠthat	 ﾠmight	 ﾠbe	 ﾠ
found	 ﾠby	 ﾠother	 ﾠvariant	 ﾠcallers,	 ﾠwe	 ﾠcompared	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes	 ﾠto	 ﾠan	 ﾠcallset	 ﾠ
generated	 ﾠby	 ﾠfreebayes	 ﾠon	 ﾠIllumina	 ﾠexome	 ﾠsequencing	 ﾠdata.	 ﾠ	 ﾠThere	 ﾠwere	 ﾠ208	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠ
freebayes	 ﾠvariant	 ﾠcalls	 ﾠwith	 ﾠcoverage	 ﾠgreater	 ﾠthan	 ﾠ20	 ﾠthat	 ﾠwe	 ﾠcalled	 ﾠhighly	 ﾠconfident	 ﾠ
homozygous	 ﾠreference.	 ﾠ	 ﾠWe	 ﾠmanually	 ﾠinspected	 ﾠa	 ﾠrandom	 ﾠ10	 ﾠ%	 ﾠof	 ﾠthese	 ﾠputative	 ﾠvariants,	 ﾠand	 ﾠ
all	 ﾠof	 ﾠthem	 ﾠappeared	 ﾠto	 ﾠbe	 ﾠlikely	 ﾠfalse	 ﾠpositives	 ﾠdue	 ﾠto	 ﾠsystematic	 ﾠsequencing	 ﾠor	 ﾠmapping	 ﾠ
errors,	 ﾠor	 ﾠsites	 ﾠwhere	 ﾠfreebayes	 ﾠcalled	 ﾠan	 ﾠinaccurate	 ﾠgenotype	 ﾠfor	 ﾠthe	 ﾠcorrect	 ﾠvariant.	 ﾠ
	 ﾠ
Assessing	 ﾠperformance	 ﾠof	 ﾠSNP	 ﾠsequencing	 ﾠvs.	 ﾠarrays	 ﾠoverestimates	 ﾠsensitivity	 ﾠfor	 ﾠwhole	 ﾠgenome	 ﾠ
calls	 ﾠ
While	 ﾠmicroarrays	 ﾠcan	 ﾠbe	 ﾠuseful	 ﾠto	 ﾠhelp	 ﾠunderstand	 ﾠsequencing	 ﾠperformance,	 ﾠthey	 ﾠcan	 ﾠonly	 ﾠ
assess	 ﾠperformance	 ﾠin	 ﾠthe	 ﾠregions	 ﾠof	 ﾠthe	 ﾠgenome	 ﾠaccessible	 ﾠto	 ﾠmicroarrays	 ﾠ(i.e.,	 ﾠsequences	 ﾠto	 ﾠ
which	 ﾠprobes	 ﾠcan	 ﾠbind	 ﾠand	 ﾠbind	 ﾠuniquely).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠmicroarray	 ﾠgenotypes	 ﾠcan	 ﾠbe	 ﾠ
confounded	 ﾠby	 ﾠnearby	 ﾠphased	 ﾠvariants	 ﾠthat	 ﾠare	 ﾠnot	 ﾠin	 ﾠthe	 ﾠarray	 ﾠprobes.	 ﾠ	 ﾠMicroarrays	 ﾠtend	 ﾠto	 ﾠ
contain	 ﾠknown	 ﾠcommon	 ﾠSNPs	 ﾠand	 ﾠavoid	 ﾠgenome	 ﾠregions	 ﾠof	 ﾠlow	 ﾠcomplexity.	 ﾠ	 ﾠFor	 ﾠexample,	 ﾠif	 ﾠ
“low	 ﾠcomplexity”	 ﾠis	 ﾠdefined	 ﾠas	 ﾠhaving	 ﾠgenome	 ﾠmappability	 ﾠscores
21	 ﾠless	 ﾠthan	 ﾠ50	 ﾠfor	 ﾠIllumina,	 ﾠ
SOLiD,	 ﾠor	 ﾠIon	 ﾠTorrent,	 ﾠthen	 ﾠonly	 ﾠ0.0117	 ﾠ%	 ﾠof	 ﾠthe	 ﾠmicroarray	 ﾠsites	 ﾠare	 ﾠin	 ﾠlow	 ﾠcomplexity	 ﾠregions,	 ﾠ
compared	 ﾠto	 ﾠ0.7847	 ﾠ%	 ﾠof	 ﾠintegrated	 ﾠvariants.	 ﾠOur	 ﾠintegrated	 ﾠcalls	 ﾠhave	 ﾠa	 ﾠ67	 ﾠtimes	 ﾠhigher	 ﾠ
percentage	 ﾠof	 ﾠlow	 ﾠcomplexity	 ﾠregions	 ﾠcompared	 ﾠto	 ﾠmicroarrays,	 ﾠbut	 ﾠeven	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠ	 ﾠ 10	 ﾠ
ignore	 ﾠmany	 ﾠregions	 ﾠof	 ﾠlow	 ﾠcomplexity	 ﾠsince	 ﾠ9.8%	 ﾠof	 ﾠuncertain	 ﾠsites	 ﾠhave	 ﾠlow	 ﾠcomplexity.	 ﾠTo	 ﾠ
understand	 ﾠthe	 ﾠimpact	 ﾠof	 ﾠincluding	 ﾠlower	 ﾠcomplexity	 ﾠsites	 ﾠfor	 ﾠperformance	 ﾠassessment,	 ﾠwe	 ﾠ
explored	 ﾠthe	 ﾠuse	 ﾠof	 ﾠour	 ﾠintegrated	 ﾠgenotype	 ﾠcalls	 ﾠas	 ﾠa	 ﾠbenchmark	 ﾠto	 ﾠassess	 ﾠgenotype	 ﾠcalls	 ﾠfrom	 ﾠ
single	 ﾠdatasets,	 ﾠand	 ﾠcompared	 ﾠthis	 ﾠassessment	 ﾠto	 ﾠan	 ﾠassessment	 ﾠusing	 ﾠmicroarrays	 ﾠ(see	 ﾠTable	 ﾠ
2).	 ﾠ	 ﾠMany	 ﾠof	 ﾠthe	 ﾠsites	 ﾠthat	 ﾠare	 ﾠdiscordant	 ﾠin	 ﾠthe	 ﾠmicroarray	 ﾠare	 ﾠdue	 ﾠto	 ﾠerrors	 ﾠin	 ﾠthe	 ﾠmicroarray,	 ﾠ
as	 ﾠwe	 ﾠshow	 ﾠin	 ﾠSupplementary	 ﾠFigs.	 ﾠS19	 ﾠto	 ﾠS28,	 ﾠso	 ﾠFP	 ﾠrates	 ﾠare	 ﾠactually	 ﾠlower	 ﾠwhen	 ﾠsequencing	 ﾠ
datasets	 ﾠare	 ﾠassessed	 ﾠagainst	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes.	 ﾠ	 ﾠApparent	 ﾠFN	 ﾠrates	 ﾠare	 ﾠ
approximately	 ﾠthe	 ﾠsame,	 ﾠbut	 ﾠmany	 ﾠof	 ﾠthe	 ﾠapparent	 ﾠFNs	 ﾠwhen	 ﾠassessed	 ﾠagainst	 ﾠthe	 ﾠmicroarray	 ﾠ
are	 ﾠactually	 ﾠFPs	 ﾠin	 ﾠthe	 ﾠmicroarray.	 ﾠ
	 ﾠ
Using	 ﾠhighly	 ﾠconfident	 ﾠcalls	 ﾠto	 ﾠunderstand	 ﾠand	 ﾠimprove	 ﾠperformance	 ﾠ
As	 ﾠan	 ﾠexample,	 ﾠwe	 ﾠselected	 ﾠa	 ﾠnew	 ﾠwhole	 ﾠgenome	 ﾠvariant	 ﾠcall	 ﾠset	 ﾠfrom	 ﾠthe	 ﾠBroad	 ﾠInstitute/1000	 ﾠ
Genomes	 ﾠProject	 ﾠto	 ﾠshow	 ﾠhow	 ﾠthis	 ﾠset	 ﾠof	 ﾠhighly	 ﾠconfident	 ﾠgenotype	 ﾠcalls	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠ
understand	 ﾠand	 ﾠimprove	 ﾠperformance	 ﾠeven	 ﾠfor	 ﾠnew	 ﾠversions	 ﾠof	 ﾠa	 ﾠsequencing	 ﾠtechnology	 ﾠ
(2x250	 ﾠpaired-ﾭ‐end	 ﾠIllumina	 ﾠreads),	 ﾠmapping	 ﾠalgorithm	 ﾠ(bwa-ﾭ‐mem),
22	 ﾠand	 ﾠvariant	 ﾠcaller	 ﾠ(GATK	 ﾠ
v.2.6	 ﾠHaplotypeCaller).
15	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠcompared	 ﾠan	 ﾠolder	 ﾠComplete	 ﾠGenomics	 ﾠcallset	 ﾠto	 ﾠsee	 ﾠ
how	 ﾠcalls	 ﾠfrom	 ﾠa	 ﾠcompletely	 ﾠdifferent	 ﾠpipeline	 ﾠcompare.	 ﾠWe	 ﾠalso	 ﾠassessed	 ﾠperformance	 ﾠof	 ﾠ




25	 ﾠand	 ﾠ30x	 ﾠIon	 ﾠTorrent+Tmap+GATK-ﾭ‐
HaplotypeCaller.	 ﾠ
Fig.	 ﾠ3	 ﾠand	 ﾠSupplementary	 ﾠFigs.	 ﾠS31,	 ﾠS32,	 ﾠand	 ﾠS35	 ﾠcontain	 ﾠROC	 ﾠcurves	 ﾠshowing	 ﾠhow	 ﾠFP	 ﾠ
and	 ﾠTP	 ﾠrate	 ﾠchange	 ﾠwhile	 ﾠvarying	 ﾠthe	 ﾠcutoff	 ﾠfor	 ﾠread	 ﾠdepth	 ﾠor	 ﾠvariant	 ﾠquality	 ﾠscore	 ﾠ(not	 ﾠ
applicable	 ﾠto	 ﾠComplete	 ﾠGenomics).	 ﾠ	 ﾠVariant	 ﾠquality	 ﾠscore	 ﾠgives	 ﾠa	 ﾠbetter	 ﾠROC	 ﾠcurve	 ﾠthan	 ﾠread	 ﾠ
depth	 ﾠin	 ﾠmost	 ﾠcases,	 ﾠlikely	 ﾠbecause	 ﾠsites	 ﾠwith	 ﾠvery	 ﾠhigh	 ﾠread	 ﾠdepth	 ﾠcan	 ﾠactually	 ﾠhave	 ﾠhigher	 ﾠ
error	 ﾠrates	 ﾠdue	 ﾠto	 ﾠmapping	 ﾠproblems.	 ﾠ	 ﾠThe	 ﾠnew	 ﾠ250-ﾭ‐bp	 ﾠIllumina	 ﾠwhole	 ﾠgenome	 ﾠwith	 ﾠ
HaplotypeCaller	 ﾠhas	 ﾠa	 ﾠhigher	 ﾠaccuracy	 ﾠthan	 ﾠthe	 ﾠolder	 ﾠComplete	 ﾠGenomics	 ﾠor	 ﾠany	 ﾠof	 ﾠthe	 ﾠexome	 ﾠ
sequencing	 ﾠdatasets	 ﾠfor	 ﾠboth	 ﾠSNPs	 ﾠand	 ﾠindels.	 ﾠ	 ﾠThe	 ﾠ150x	 ﾠIllumina	 ﾠexome	 ﾠcallsets	 ﾠhave	 ﾠa	 ﾠhigher	 ﾠ
accuracy	 ﾠthan	 ﾠthe	 ﾠ30x	 ﾠIon	 ﾠTorrent	 ﾠexome	 ﾠcallset,	 ﾠparticularly	 ﾠfor	 ﾠindels.	 ﾠ	 ﾠThe	 ﾠaccuracy	 ﾠfor	 ﾠSNPs	 ﾠ
is	 ﾠmuch	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠaccuracy	 ﾠfor	 ﾠindels	 ﾠin	 ﾠall	 ﾠcallsets,	 ﾠwhich	 ﾠis	 ﾠexpected	 ﾠsince	 ﾠindels	 ﾠare	 ﾠ
more	 ﾠdifficult	 ﾠto	 ﾠdetect	 ﾠthan	 ﾠSNPs,	 ﾠespecially	 ﾠin	 ﾠhomopolymers	 ﾠand	 ﾠlow	 ﾠcomplexity	 ﾠsequence.	 ﾠ
From	 ﾠthe	 ﾠROC	 ﾠcurves,	 ﾠit	 ﾠis	 ﾠapparent	 ﾠthat	 ﾠthe	 ﾠvariant	 ﾠquality	 ﾠscore	 ﾠcutoff	 ﾠfor	 ﾠthe	 ﾠHaplotypeCaller	 ﾠ
for	 ﾠthis	 ﾠdataset	 ﾠis	 ﾠprobably	 ﾠnot	 ﾠoptimal,	 ﾠsince	 ﾠraising	 ﾠthe	 ﾠcutoff	 ﾠcould	 ﾠsignificantly	 ﾠlower	 ﾠthe	 ﾠFP	 ﾠ
rate	 ﾠwhile	 ﾠonly	 ﾠminimally	 ﾠincreasing	 ﾠthe	 ﾠFN	 ﾠrate.	 ﾠ
Direct	 ﾠobservation	 ﾠof	 ﾠalignments	 ﾠaround	 ﾠdiscordant	 ﾠgenotypes	 ﾠis	 ﾠoften	 ﾠa	 ﾠuseful	 ﾠway	 ﾠto	 ﾠ
understand	 ﾠthe	 ﾠreasons	 ﾠbehind	 ﾠinaccurate	 ﾠgenotype	 ﾠcalls.	 ﾠ	 ﾠFor	 ﾠexample,	 ﾠFig.	 ﾠS37	 ﾠshows	 ﾠan	 ﾠ
example	 ﾠof	 ﾠan	 ﾠapparent	 ﾠsystematic	 ﾠIllumina	 ﾠsequencing	 ﾠerror	 ﾠthat	 ﾠis	 ﾠin	 ﾠboth	 ﾠthe	 ﾠnew	 ﾠ
HaplotypeCaller	 ﾠand	 ﾠUnifiedGenotyper	 ﾠcallsets,	 ﾠbut	 ﾠarbitrated	 ﾠcorrectly	 ﾠin	 ﾠthe	 ﾠintegrated	 ﾠ
callset.	 ﾠ	 ﾠMany	 ﾠof	 ﾠthe	 ﾠdifferences	 ﾠare	 ﾠdue	 ﾠto	 ﾠdifficult	 ﾠregions	 ﾠwith	 ﾠlow	 ﾠmapping	 ﾠquality,	 ﾠwhere	 ﾠit	 ﾠ
is	 ﾠoften	 ﾠdifficult	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠcorrect	 ﾠanswer	 ﾠfrom	 ﾠshort	 ﾠread	 ﾠsequencing	 ﾠ(e.g.,	 ﾠFig.	 ﾠS38).	 ﾠ
The	 ﾠvariant	 ﾠcalls	 ﾠin	 ﾠany	 ﾠdataset	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠintersected	 ﾠwith	 ﾠour	 ﾠbed	 ﾠfiles	 ﾠcontaining	 ﾠ
different	 ﾠclasses	 ﾠof	 ﾠ“difficult	 ﾠregions”	 ﾠof	 ﾠthe	 ﾠgenome,	 ﾠas	 ﾠshown	 ﾠin	 ﾠTable	 ﾠS3.	 ﾠ	 ﾠThese	 ﾠcomparisons	 ﾠ
can	 ﾠidentify	 ﾠpotentially	 ﾠquestionable	 ﾠvariant	 ﾠcalls	 ﾠthat	 ﾠshould	 ﾠbe	 ﾠexamined	 ﾠmore	 ﾠclosely.	 ﾠ	 ﾠAbout	 ﾠ
1	 ﾠmillion	 ﾠvariants	 ﾠcalled	 ﾠin	 ﾠthe	 ﾠ250	 ﾠbp	 ﾠIllumina	 ﾠHaplotypeCaller	 ﾠvcf	 ﾠare	 ﾠinside	 ﾠNA12878	 ﾠ
structural	 ﾠvariants	 ﾠreported	 ﾠto	 ﾠdbVar,	 ﾠwhich	 ﾠis	 ﾠthe	 ﾠlargest	 ﾠnumber	 ﾠof	 ﾠvariants	 ﾠin	 ﾠany	 ﾠcategory.	 ﾠ	 ﾠ	 ﾠ 11	 ﾠ
Further	 ﾠwork	 ﾠwill	 ﾠneed	 ﾠto	 ﾠbe	 ﾠdone	 ﾠto	 ﾠdetermine	 ﾠwhich	 ﾠstructural	 ﾠvariants	 ﾠare	 ﾠaccurate,	 ﾠbut	 ﾠ
variants	 ﾠin	 ﾠthese	 ﾠregions	 ﾠcould	 ﾠbe	 ﾠinspected	 ﾠfurther.	 ﾠ	 ﾠThere	 ﾠare	 ﾠalso	 ﾠover	 ﾠ200,000	 ﾠvariants	 ﾠ
called	 ﾠin	 ﾠthe	 ﾠ250	 ﾠbp	 ﾠIllumina	 ﾠHaplotypeCaller	 ﾠvcf	 ﾠin	 ﾠeach	 ﾠof	 ﾠseveral	 ﾠuncertain	 ﾠcategories:	 ﾠsites	 ﾠ
with	 ﾠunresolved	 ﾠconflicting	 ﾠgenotypes,	 ﾠknown	 ﾠsegmental	 ﾠduplications,	 ﾠregions	 ﾠwith	 ﾠlow	 ﾠ
coverage	 ﾠor	 ﾠmapping	 ﾠquality,	 ﾠand	 ﾠsimple	 ﾠrepeats.	 ﾠWhile	 ﾠmany	 ﾠof	 ﾠthese	 ﾠvariants	 ﾠmay	 ﾠbe	 ﾠtrue	 ﾠ
variants,	 ﾠthey	 ﾠcould	 ﾠbe	 ﾠexamined	 ﾠmore	 ﾠclosely	 ﾠto	 ﾠidentify	 ﾠpotential	 ﾠFPs.	 ﾠ	 ﾠ
	 ﾠ
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 ﾠ	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 ﾠ	 ﾠ	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 ﾠ
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Fig.	 ﾠ3:	 ﾠReceiver	 ﾠOperating	 ﾠCharacteristic	 ﾠ(ROC)	 ﾠcurves	 ﾠplotting	 ﾠTrue	 ﾠPositive	 ﾠRate	 ﾠ(sensitivity)	 ﾠvs.	 ﾠ
False	 ﾠPositive	 ﾠRate,	 ﾠwith	 ﾠvariants	 ﾠsorted	 ﾠby	 ﾠvariant	 ﾠquality	 ﾠscore,	 ﾠfor	 ﾠ(a)	 ﾠwhole	 ﾠgenome	 ﾠSNPs,	 ﾠ(b)	 ﾠ
whole	 ﾠgenome	 ﾠindels,	 ﾠand	 ﾠ(c-ﾭ‐d)	 ﾠexome	 ﾠindels.	 ﾠ	 ﾠ	 ﾠThe	 ﾠassessed	 ﾠvariant	 ﾠcalls	 ﾠcome	 ﾠfrom	 ﾠComplete	 ﾠ
Genomics	 ﾠ2.0	 ﾠ(CompleteGenomics2	 ﾠand	 ﾠGiB_CompleteGenomics),	 ﾠ250bp	 ﾠIllumina	 ﾠmapped	 ﾠwith	 ﾠ
BWA-ﾭ‐MEM	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠv2.6	 ﾠ(1kg_250bp_pe_HC	 ﾠand	 ﾠ
GiB_1kg_250bp_pe_HC),	 ﾠ150x	 ﾠIllumina	 ﾠexome	 ﾠsequencing	 ﾠmapped	 ﾠwith	 ﾠBWA	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠ
Freebayes	 ﾠ(BWA+Freebayes-ﾭ‐Prep),	 ﾠ30x	 ﾠIon	 ﾠTorrent	 ﾠexome	 ﾠsequencing	 ﾠmapped	 ﾠwith	 ﾠTmap	 ﾠand	 ﾠ
called	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠ(IonT-ﾭ‐30x-ﾭ‐Tmap+Gatk_HC-ﾭ‐Prep),	 ﾠ150x	 ﾠIllumina	 ﾠexome	 ﾠ
sequencing	 ﾠmapped	 ﾠwith	 ﾠNovoalign	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠFreebayes	 ﾠ(Novoalign+Freebayes-ﾭ‐Prep),	 ﾠ




To	 ﾠdevelop	 ﾠa	 ﾠbenchmark	 ﾠwhole	 ﾠgenome	 ﾠdataset,	 ﾠwe	 ﾠhave	 ﾠdeveloped	 ﾠthe	 ﾠfirst	 ﾠset	 ﾠof	 ﾠ
methods	 ﾠto	 ﾠintegrate	 ﾠsequencing	 ﾠdatasets	 ﾠfrom	 ﾠmultiple	 ﾠsequencing	 ﾠtechnologies	 ﾠto	 ﾠform	 ﾠ
highly	 ﾠconfident	 ﾠSNP	 ﾠand	 ﾠindel	 ﾠgenotype	 ﾠcalls.	 ﾠ	 ﾠThe	 ﾠresulting	 ﾠgenotype	 ﾠcalls	 ﾠare	 ﾠmore	 ﾠsensitive	 ﾠ
and	 ﾠspecific	 ﾠand	 ﾠless	 ﾠbiased	 ﾠthan	 ﾠany	 ﾠindividual	 ﾠdataset,	 ﾠbecause	 ﾠour	 ﾠmethods	 ﾠuse	 ﾠ
characteristics	 ﾠof	 ﾠbiases	 ﾠassociated	 ﾠwith	 ﾠsystematic	 ﾠsequencing	 ﾠerrors,	 ﾠlocal	 ﾠalignment	 ﾠerrors,	 ﾠ
and	 ﾠmapping	 ﾠerrors	 ﾠin	 ﾠindividual	 ﾠdatasets.	 ﾠ	 ﾠWe	 ﾠalso	 ﾠminimize	 ﾠbias	 ﾠtowards	 ﾠany	 ﾠindividual	 ﾠ
sequencing	 ﾠplatform	 ﾠby	 ﾠrequiring	 ﾠthat	 ﾠat	 ﾠleast	 ﾠ5	 ﾠtimes	 ﾠmore	 ﾠdatasets	 ﾠagree	 ﾠthan	 ﾠdisagree,	 ﾠso	 ﾠ
that	 ﾠall	 ﾠ10	 ﾠdatasets	 ﾠwould	 ﾠhave	 ﾠto	 ﾠagree	 ﾠif	 ﾠ2	 ﾠhad	 ﾠa	 ﾠdifferent	 ﾠgenotype.	 ﾠ	 ﾠTherefore,	 ﾠeven	 ﾠthough	 ﾠ	 ﾠ 12	 ﾠ
there	 ﾠare	 ﾠmore	 ﾠIllumina	 ﾠdatasets,	 ﾠother	 ﾠplatforms	 ﾠwould	 ﾠhave	 ﾠto	 ﾠagree	 ﾠwith	 ﾠthe	 ﾠIllumina	 ﾠ
datasets	 ﾠfor	 ﾠthem	 ﾠto	 ﾠoverride	 ﾠ2	 ﾠdatasets	 ﾠthat	 ﾠdisagreed.	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠinclude	 ﾠan	 ﾠannotation	 ﾠ
“platforms”	 ﾠin	 ﾠthe	 ﾠINFO	 ﾠfield	 ﾠthat	 ﾠspecifies	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠplatforms	 ﾠthat	 ﾠsupport	 ﾠa	 ﾠcall.	 ﾠIf	 ﾠa	 ﾠuser	 ﾠ
would	 ﾠlike	 ﾠto	 ﾠminimize	 ﾠany	 ﾠpotential	 ﾠplatform	 ﾠbias	 ﾠeven	 ﾠfurther,	 ﾠthey	 ﾠcan	 ﾠselect	 ﾠonly	 ﾠvariants	 ﾠ
that	 ﾠhave	 ﾠsupport	 ﾠin	 ﾠ2	 ﾠor	 ﾠmore	 ﾠplatforms.	 ﾠ	 ﾠ	 ﾠ
It	 ﾠis	 ﾠcritical	 ﾠto	 ﾠunderstand	 ﾠthat	 ﾠthe	 ﾠprocess	 ﾠused	 ﾠto	 ﾠgenerate	 ﾠany	 ﾠset	 ﾠof	 ﾠbenchmark	 ﾠ
genotype	 ﾠcalls	 ﾠcan	 ﾠaffect	 ﾠthe	 ﾠresults	 ﾠof	 ﾠperformance	 ﾠassessment	 ﾠin	 ﾠmultiple	 ﾠways,	 ﾠas	 ﾠdepicted	 ﾠin	 ﾠ
Supplementary	 ﾠTable	 ﾠS1:	 ﾠ(1)	 ﾠIf	 ﾠmany	 ﾠ“difficult”	 ﾠregions	 ﾠof	 ﾠgenome	 ﾠare	 ﾠexcluded	 ﾠfrom	 ﾠthe	 ﾠtruth	 ﾠ
dataset	 ﾠ(or	 ﾠlabeled	 ﾠ“uncertain,”	 ﾠmeaning	 ﾠthat	 ﾠthey	 ﾠmay	 ﾠbe	 ﾠdown-ﾭ‐weighted	 ﾠor	 ﾠdisregarded	 ﾠin	 ﾠ
performance	 ﾠassessment),	 ﾠany	 ﾠassessed	 ﾠdatasets	 ﾠwill	 ﾠhave	 ﾠlower	 ﾠapparent	 ﾠFP	 ﾠand	 ﾠFN	 ﾠrates	 ﾠthan	 ﾠ
if	 ﾠthe	 ﾠdifficult	 ﾠregions	 ﾠwere	 ﾠincluded.	 ﾠ	 ﾠTherefore,	 ﾠit	 ﾠis	 ﾠimportant	 ﾠto	 ﾠrecognize	 ﾠthat	 ﾠany	 ﾠ
comparison	 ﾠto	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes	 ﾠexcludes	 ﾠthe	 ﾠmost	 ﾠdifficult	 ﾠvariants	 ﾠand	 ﾠregions	 ﾠ
of	 ﾠthe	 ﾠgenome	 ﾠ(currently	 ﾠ~23	 ﾠ%	 ﾠof	 ﾠthe	 ﾠgenome,	 ﾠincluding	 ﾠpotential	 ﾠstructural	 ﾠvariants,	 ﾠsee	 ﾠ
Supplementary	 ﾠTable	 ﾠS2).	 ﾠIn	 ﾠaddition,	 ﾠalmost	 ﾠall	 ﾠof	 ﾠthe	 ﾠindels	 ﾠare	 ﾠcurrently	 ﾠ<	 ﾠ40	 ﾠbp	 ﾠin	 ﾠlength.	 ﾠ	 ﾠ(2)	 ﾠ
Any	 ﾠFP	 ﾠvariant	 ﾠcalls	 ﾠin	 ﾠthe	 ﾠtruth	 ﾠdataset	 ﾠcould	 ﾠresult	 ﾠin	 ﾠan	 ﾠassessed	 ﾠFN	 ﾠrate	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠtrue	 ﾠ
FN	 ﾠrate	 ﾠif	 ﾠthe	 ﾠassessed	 ﾠcalls	 ﾠare	 ﾠcorrect,	 ﾠor	 ﾠin	 ﾠan	 ﾠassessed	 ﾠFP	 ﾠrate	 ﾠlower	 ﾠthan	 ﾠthe	 ﾠtrue	 ﾠFP	 ﾠrate	 ﾠif	 ﾠ
the	 ﾠassessed	 ﾠcalls	 ﾠare	 ﾠalso	 ﾠFPs.	 ﾠ	 ﾠ(3)	 ﾠAny	 ﾠFN	 ﾠvariant	 ﾠcalls	 ﾠin	 ﾠthe	 ﾠtruth	 ﾠdataset	 ﾠcould	 ﾠresult	 ﾠin	 ﾠan	 ﾠ
assessed	 ﾠFP	 ﾠrate	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠtrue	 ﾠFP	 ﾠrate	 ﾠif	 ﾠthe	 ﾠassessed	 ﾠcalls	 ﾠare	 ﾠcorrect,	 ﾠor	 ﾠin	 ﾠan	 ﾠassessed	 ﾠ
FN	 ﾠrate	 ﾠlower	 ﾠthan	 ﾠthe	 ﾠtrue	 ﾠFN	 ﾠrate	 ﾠif	 ﾠthe	 ﾠassessed	 ﾠcalls	 ﾠare	 ﾠalso	 ﾠFNs.	 ﾠ	 ﾠ(4)	 ﾠMany	 ﾠcomparison	 ﾠ
tools	 ﾠtreat	 ﾠheterozygous	 ﾠand	 ﾠhomozygous	 ﾠvariant	 ﾠgenotype	 ﾠcalls	 ﾠas	 ﾠequivalent,	 ﾠwhich	 ﾠenables	 ﾠ
simple	 ﾠcalculations	 ﾠof	 ﾠsensitivity	 ﾠand	 ﾠspecificity,	 ﾠbut	 ﾠthese	 ﾠgenotypes	 ﾠcan	 ﾠhave	 ﾠdifferent	 ﾠ
phenotypes,	 ﾠso	 ﾠit	 ﾠis	 ﾠoften	 ﾠimportant	 ﾠto	 ﾠassess	 ﾠwhether	 ﾠthe	 ﾠgenotype	 ﾠis	 ﾠaccurate,	 ﾠas	 ﾠwe	 ﾠdo	 ﾠin	 ﾠ
this	 ﾠwork,	 ﾠnot	 ﾠjust	 ﾠwhether	 ﾠa	 ﾠvariant	 ﾠis	 ﾠdetected.	 ﾠ	 ﾠ
In	 ﾠgeneral,	 ﾠfor	 ﾠthe	 ﾠbenchmark	 ﾠcalls	 ﾠto	 ﾠbe	 ﾠuseful	 ﾠfor	 ﾠperformance	 ﾠassessment,	 ﾠthe	 ﾠFP	 ﾠrate	 ﾠ
of	 ﾠthe	 ﾠbenchmark	 ﾠshould	 ﾠbe	 ﾠmuch	 ﾠlower	 ﾠthan	 ﾠthe	 ﾠFN	 ﾠrate	 ﾠof	 ﾠthe	 ﾠassessed	 ﾠdataset,	 ﾠand	 ﾠthe	 ﾠFN	 ﾠ
rate	 ﾠof	 ﾠthe	 ﾠbenchmark	 ﾠshould	 ﾠbe	 ﾠmuch	 ﾠlower	 ﾠthan	 ﾠthe	 ﾠFP	 ﾠrate	 ﾠof	 ﾠthe	 ﾠassessed	 ﾠdataset.	 ﾠTo	 ﾠbe	 ﾠ
confident	 ﾠour	 ﾠbenchmark	 ﾠintegrated	 ﾠcalls	 ﾠare	 ﾠnot	 ﾠbiased	 ﾠtoward	 ﾠany	 ﾠsequencing	 ﾠor	 ﾠ
bioinformatics	 ﾠmethod	 ﾠand	 ﾠhave	 ﾠsufficiently	 ﾠlow	 ﾠFN	 ﾠand	 ﾠFP	 ﾠrates,	 ﾠwe	 ﾠcompared	 ﾠour	 ﾠintegrated	 ﾠ
calls	 ﾠto	 ﾠmultiple	 ﾠindependent	 ﾠmethods	 ﾠ(microarrays,	 ﾠcapillary	 ﾠsequencing,	 ﾠfosmid	 ﾠsequencing,	 ﾠ
Illumina	 ﾠexome	 ﾠsequencing	 ﾠcalled	 ﾠwith	 ﾠfreebayes,	 ﾠand	 ﾠnew	 ﾠ2x250bp	 ﾠlong-ﾭ‐read	 ﾠIllumina	 ﾠ
sequencing	 ﾠmapped	 ﾠwith	 ﾠa	 ﾠnew	 ﾠalgorithm	 ﾠBWA-ﾭ‐MEM	 ﾠand	 ﾠanalyzed	 ﾠwith	 ﾠa	 ﾠnew	 ﾠversion	 ﾠof	 ﾠ
GATK).	 ﾠ	 ﾠ	 ﾠ
While	 ﾠwe	 ﾠhave	 ﾠshown	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠhave	 ﾠvery	 ﾠlow	 ﾠFP	 ﾠand	 ﾠFN	 ﾠrates,	 ﾠwe	 ﾠ
recommend	 ﾠthat	 ﾠusers	 ﾠof	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠexamine	 ﾠalignments	 ﾠaround	 ﾠa	 ﾠsubset	 ﾠof	 ﾠ
discordant	 ﾠgenotype	 ﾠcalls,	 ﾠsuch	 ﾠas	 ﾠusing	 ﾠthe	 ﾠnew	 ﾠGeT-ﾭ‐RM	 ﾠbrowser	 ﾠfor	 ﾠNA12878	 ﾠ
(http://www.ncbi.nlm.nih.gov/variation/tools/get-ﾭ‐rm/).	 ﾠOverall	 ﾠstatistics	 ﾠlike	 ﾠsensitivity	 ﾠand	 ﾠ
specificity	 ﾠare	 ﾠuseful,	 ﾠbut	 ﾠmanual	 ﾠinspection	 ﾠof	 ﾠalignments	 ﾠfrom	 ﾠmultiple	 ﾠdatasets	 ﾠ(or	 ﾠeven	 ﾠa	 ﾠ
single	 ﾠdataset)	 ﾠfor	 ﾠa	 ﾠsubset	 ﾠof	 ﾠdiscordant	 ﾠsites	 ﾠis	 ﾠessential	 ﾠfor	 ﾠproperly	 ﾠunderstanding	 ﾠany	 ﾠ
comparison	 ﾠbetween	 ﾠvariant	 ﾠcall	 ﾠsets.	 ﾠManual	 ﾠinspection	 ﾠcan	 ﾠhelp	 ﾠidentify	 ﾠdiscordant	 ﾠ
representations	 ﾠof	 ﾠthe	 ﾠsame	 ﾠvariant,	 ﾠpotential	 ﾠbiases	 ﾠin	 ﾠsequencing/bioinformatics	 ﾠmethods,	 ﾠ
and	 ﾠdifficult	 ﾠregions	 ﾠof	 ﾠthe	 ﾠgenome	 ﾠwhere	 ﾠvariant	 ﾠcalls	 ﾠmay	 ﾠbe	 ﾠquestionable.	 ﾠ	 ﾠIn	 ﾠaddition	 ﾠto	 ﾠ
comparing	 ﾠgenotype	 ﾠcalls	 ﾠin	 ﾠthe	 ﾠregions	 ﾠfor	 ﾠwhich	 ﾠwe	 ﾠdetermined	 ﾠwe	 ﾠcan	 ﾠmake	 ﾠconfident	 ﾠ
integrated	 ﾠgenotype	 ﾠcalls,	 ﾠwe	 ﾠalso	 ﾠrecommend	 ﾠexamining	 ﾠvariant	 ﾠcalls	 ﾠin	 ﾠregions	 ﾠwe	 ﾠconsider	 ﾠ
uncertain	 ﾠfor	 ﾠdifferent	 ﾠreasons.	 ﾠ	 ﾠExamining	 ﾠthese	 ﾠdifficult	 ﾠregions	 ﾠcan	 ﾠhelp	 ﾠidentify	 ﾠvariants	 ﾠthat	 ﾠ	 ﾠ 13	 ﾠ
may	 ﾠbe	 ﾠquestionable.	 ﾠWe	 ﾠalso	 ﾠencourage	 ﾠcontacting	 ﾠthe	 ﾠauthors	 ﾠof	 ﾠthis	 ﾠmanuscript	 ﾠif	 ﾠany	 ﾠ
genotypes	 ﾠin	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠare	 ﾠquestionable	 ﾠor	 ﾠin	 ﾠerror,	 ﾠas	 ﾠthis	 ﾠcall	 ﾠset	 ﾠwill	 ﾠbe	 ﾠmaintained	 ﾠ
and	 ﾠrefined	 ﾠover	 ﾠtime	 ﾠas	 ﾠnew	 ﾠsequencing	 ﾠand	 ﾠanalysis	 ﾠmethods	 ﾠbecome	 ﾠavailable.	 ﾠ
These	 ﾠmethods	 ﾠrepresent	 ﾠthe	 ﾠbasis	 ﾠof	 ﾠmethods	 ﾠto	 ﾠform	 ﾠhighly	 ﾠconfident	 ﾠgenotype	 ﾠcalls	 ﾠ
for	 ﾠgenomes	 ﾠselected	 ﾠas	 ﾠRMs	 ﾠby	 ﾠthe	 ﾠnew	 ﾠGenome	 ﾠin	 ﾠa	 ﾠBottle	 ﾠConsortium.	 ﾠThis	 ﾠconsortium	 ﾠwill	 ﾠ
develop	 ﾠthe	 ﾠreference	 ﾠmaterials,	 ﾠreference	 ﾠdata,	 ﾠand	 ﾠreference	 ﾠmethods	 ﾠto	 ﾠhelp	 ﾠenable	 ﾠ
translation	 ﾠof	 ﾠgenome	 ﾠsequencing	 ﾠto	 ﾠclinical	 ﾠpractice.	 ﾠ	 ﾠAs	 ﾠwe	 ﾠshow	 ﾠin	 ﾠthis	 ﾠwork,	 ﾠhighly	 ﾠconfident	 ﾠ
genotype	 ﾠcalls	 ﾠfrom	 ﾠa	 ﾠwell-ﾭ‐characterized	 ﾠwhole	 ﾠgenome	 ﾠare	 ﾠuseful	 ﾠfor	 ﾠassessing	 ﾠbiases	 ﾠand	 ﾠ
rates	 ﾠof	 ﾠaccurate	 ﾠand	 ﾠinaccurate	 ﾠgenotype	 ﾠcalls	 ﾠin	 ﾠany	 ﾠcombination	 ﾠof	 ﾠsequencing	 ﾠand	 ﾠ
bioinformatics	 ﾠmethods.	 ﾠ	 ﾠHighly	 ﾠconfident	 ﾠgenotype	 ﾠcalls	 ﾠfor	 ﾠpublicly	 ﾠavailable	 ﾠgenomes	 ﾠwill	 ﾠbe	 ﾠ
particularly	 ﾠuseful	 ﾠfor	 ﾠperformance	 ﾠassessment	 ﾠof	 ﾠrapidly	 ﾠevolving	 ﾠsequencing	 ﾠand	 ﾠ
bioinformatics	 ﾠmethods.	 ﾠ	 ﾠThis	 ﾠresource	 ﾠis	 ﾠpublicly	 ﾠavailable	 ﾠthrough	 ﾠthe	 ﾠGenome	 ﾠin	 ﾠa	 ﾠBottle	 ﾠ
Consortium	 ﾠwebsite	 ﾠ(www.genomeinabottle.org)	 ﾠand	 ﾠftp	 ﾠsite	 ﾠat	 ﾠNCBI	 ﾠ(ftp://ftp-ﾭ‐
trace.ncbi.nih.gov/giab/ftp/data/NA12878).	 ﾠ	 ﾠThe	 ﾠresource	 ﾠwill	 ﾠcontinue	 ﾠto	 ﾠbe	 ﾠimproved	 ﾠand	 ﾠ
updated	 ﾠwith	 ﾠadditional	 ﾠtypes	 ﾠof	 ﾠvariants	 ﾠ(e.g.,	 ﾠcomplex	 ﾠvariants,	 ﾠand	 ﾠstructural	 ﾠvariants)	 ﾠand	 ﾠ
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 ﾠthank	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 ﾠX	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 ﾠand	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EdgeBio	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 ﾠcontributing	 ﾠtheir	 ﾠwhole	 ﾠgenome	 ﾠsequencing	 ﾠdata	 ﾠfrom	 ﾠSOLiD	 ﾠand	 ﾠIllumina,	 ﾠ
Complete	 ﾠGenomics	 ﾠand	 ﾠLife	 ﾠTechnologies	 ﾠfor	 ﾠproviding	 ﾠbam	 ﾠfiles	 ﾠfor	 ﾠNA12878,	 ﾠand	 ﾠthe	 ﾠBroad	 ﾠ
Institute	 ﾠand	 ﾠ1000	 ﾠGenomes	 ﾠProject	 ﾠfor	 ﾠmaking	 ﾠpublicly	 ﾠavailable	 ﾠbam	 ﾠand	 ﾠvcf	 ﾠfiles	 ﾠfor	 ﾠ
NA12878.	 ﾠ	 ﾠThe	 ﾠIllumina	 ﾠexome	 ﾠdata	 ﾠon	 ﾠGCAT	 ﾠwas	 ﾠgiven	 ﾠto	 ﾠthe	 ﾠMittelman	 ﾠlab	 ﾠby	 ﾠDr.	 ﾠMichael	 ﾠ
Linderman	 ﾠat	 ﾠIcahn	 ﾠInstitute	 ﾠof	 ﾠGenomics	 ﾠand	 ﾠMultiscale	 ﾠBiology	 ﾠof	 ﾠthe	 ﾠIcahn	 ﾠSchool	 ﾠof	 ﾠ
Medicine	 ﾠat	 ﾠMount	 ﾠSinai.	 ﾠCertain	 ﾠcommercial	 ﾠequipment,	 ﾠinstruments,	 ﾠor	 ﾠmaterials	 ﾠare	 ﾠ
identified	 ﾠin	 ﾠthis	 ﾠdocument.	 ﾠSuch	 ﾠidentification	 ﾠdoes	 ﾠnot	 ﾠimply	 ﾠrecommendation	 ﾠor	 ﾠ
endorsement	 ﾠby	 ﾠthe	 ﾠNational	 ﾠInstitute	 ﾠof	 ﾠStandards	 ﾠand	 ﾠTechnology,	 ﾠnor	 ﾠdoes	 ﾠit	 ﾠimply	 ﾠthat	 ﾠthe	 ﾠ
products	 ﾠidentified	 ﾠare	 ﾠnecessarily	 ﾠthe	 ﾠbest	 ﾠavailable	 ﾠfor	 ﾠthe	 ﾠpurpose.	 ﾠ
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Online	 ﾠMethods	 ﾠ
Datasets	 ﾠ
Nine	 ﾠwhole	 ﾠgenome	 ﾠand	 ﾠthree	 ﾠexome	 ﾠsequencing	 ﾠdatasets	 ﾠ(see	 ﾠTable	 ﾠ1	 ﾠfor	 ﾠdetails	 ﾠabout	 ﾠ
source,	 ﾠplatform,	 ﾠmapping	 ﾠalgorithm,	 ﾠcoverage,	 ﾠand	 ﾠaligned	 ﾠread	 ﾠlength)	 ﾠwere	 ﾠused	 ﾠto	 ﾠform	 ﾠthe	 ﾠ
integrated	 ﾠgenotype	 ﾠcalls	 ﾠfor	 ﾠCoriell	 ﾠDNA	 ﾠsample	 ﾠNA12878.	 ﾠSix	 ﾠwhole	 ﾠgenome	 ﾠ(two	 ﾠPCR-ﾭ‐free)	 ﾠ
and	 ﾠtwo	 ﾠexome	 ﾠdatasets	 ﾠwere	 ﾠfrom	 ﾠIllumina	 ﾠsequencers,	 ﾠone	 ﾠwhole	 ﾠgenome	 ﾠfrom	 ﾠSOLiD	 ﾠ
sequencers,	 ﾠone	 ﾠwhole	 ﾠgenome	 ﾠfrom	 ﾠ454	 ﾠsequencer,	 ﾠone	 ﾠwhole	 ﾠgenome	 ﾠfrom	 ﾠComplete	 ﾠ
Genomics,	 ﾠand	 ﾠone	 ﾠexome	 ﾠfrom	 ﾠIon	 ﾠTorrent.
26	 ﾠ	 ﾠSome	 ﾠhave	 ﾠbam	 ﾠfiles	 ﾠpublicly	 ﾠavailable,	 ﾠwhich	 ﾠ
were	 ﾠused	 ﾠdirectly	 ﾠin	 ﾠthis	 ﾠwork.	 ﾠ	 ﾠThese	 ﾠdata	 ﾠand	 ﾠother	 ﾠdatasets	 ﾠfor	 ﾠNA12878	 ﾠare	 ﾠavailable	 ﾠat	 ﾠthe	 ﾠ
Genome	 ﾠin	 ﾠa	 ﾠBottle	 ﾠftp	 ﾠsite	 ﾠat	 ﾠNCBI	 ﾠ(ftp://ftp-ﾭ‐trace.ncbi.nih.gov/giab/ftp/data/NA12878)	 ﾠand	 ﾠ
are	 ﾠdescribed	 ﾠon	 ﾠa	 ﾠspreadsheet	 ﾠat	 ﾠhttp://genomeinabottle.org/blog-ﾭ‐entry/existing-ﾭ‐and-ﾭ‐future-ﾭ‐
na12878-ﾭ‐datasets.	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠthe	 ﾠresults	 ﾠof	 ﾠthis	 ﾠwork	 ﾠ(highly	 ﾠconfident	 ﾠvariant	 ﾠcalls	 ﾠand	 ﾠbed	 ﾠ
files	 ﾠdescribing	 ﾠconfident	 ﾠregions)	 ﾠare	 ﾠavailable	 ﾠat	 ﾠftp://ftp-ﾭ‐
trace.ncbi.nih.gov/giab/ftp/data/NA12878/variant_calls/NIST	 ﾠalong	 ﾠwith	 ﾠa	 ﾠREADME.NIST	 ﾠ
describing	 ﾠthe	 ﾠfiles	 ﾠand	 ﾠhow	 ﾠto	 ﾠuse	 ﾠthem.	 ﾠ	 ﾠThe	 ﾠfiles	 ﾠused	 ﾠin	 ﾠthis	 ﾠmanuscript	 ﾠare	 ﾠ
NISTIntegratedCalls_14datasets_131103_HetHomVarPASS_VQSRv2.18_2mindatasets_5minYes
NoRatio_all_nouncert_excludesimplerep_excludesegdups_excludedecoy_excludeRepSeqSTRs_




contains	 ﾠintervals	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠconsidered	 ﾠhighly	 ﾠconfident	 ﾠhomozygous	 ﾠreference	 ﾠ(for	 ﾠsnps	 ﾠand	 ﾠ
short	 ﾠindels)	 ﾠif	 ﾠthere	 ﾠis	 ﾠnot	 ﾠa	 ﾠvariant	 ﾠin	 ﾠthe	 ﾠvcf.	 ﾠ
Comparison	 ﾠof	 ﾠvariant	 ﾠcalls	 ﾠusing	 ﾠdifferent	 ﾠmethods	 ﾠ
To	 ﾠcompare	 ﾠvariants	 ﾠcalled	 ﾠusing	 ﾠdifferent	 ﾠmethods,	 ﾠwe	 ﾠfirst	 ﾠsought	 ﾠto	 ﾠnormalize	 ﾠ
representation	 ﾠof	 ﾠshort	 ﾠindels,	 ﾠcomplex	 ﾠvariants,	 ﾠand	 ﾠmultinucleotide	 ﾠpolymorphisms	 ﾠ(MNPs)	 ﾠ
so	 ﾠthat	 ﾠthe	 ﾠsame	 ﾠvariant	 ﾠrepresented	 ﾠin	 ﾠdifferent	 ﾠways	 ﾠwould	 ﾠnot	 ﾠbe	 ﾠconsidered	 ﾠdiscordant.	 ﾠ	 ﾠ
We	 ﾠused	 ﾠthe	 ﾠvcfallelicprimitives	 ﾠmodule	 ﾠin	 ﾠvcflib	 ﾠ(https://github.com/ekg/vcflib)	 ﾠto	 ﾠhelp	 ﾠ
regularize	 ﾠrepresentation	 ﾠof	 ﾠthese	 ﾠvariants.	 ﾠ	 ﾠRegularization	 ﾠminimizes	 ﾠcounting	 ﾠdifferent	 ﾠ
methods	 ﾠof	 ﾠexpressing	 ﾠthe	 ﾠsame	 ﾠvariant	 ﾠ(e.g.,	 ﾠnearby	 ﾠSNPs/indels)	 ﾠas	 ﾠdifferent	 ﾠvariants.	 ﾠ	 ﾠOur	 ﾠ
regularization	 ﾠprocedure	 ﾠsplits	 ﾠadjacent	 ﾠSNPs	 ﾠinto	 ﾠindividual	 ﾠSNPs,	 ﾠleft-ﾭ‐aligns	 ﾠindels,	 ﾠand	 ﾠ
regularizes	 ﾠrepresentation	 ﾠof	 ﾠhomozygous	 ﾠcomplex	 ﾠvariants.	 ﾠ	 ﾠHowever,	 ﾠit	 ﾠcannot	 ﾠregularize	 ﾠ
heterozygous	 ﾠcomplex	 ﾠvariants	 ﾠwithout	 ﾠphasing	 ﾠinformation	 ﾠin	 ﾠthe	 ﾠvcf,	 ﾠsuch	 ﾠas	 ﾠindividuals	 ﾠthat	 ﾠ
are	 ﾠheterozygous	 ﾠfor	 ﾠthe	 ﾠCAGTGA>TCTCT	 ﾠchange	 ﾠthat	 ﾠis	 ﾠaligned	 ﾠin	 ﾠ4	 ﾠdifferent	 ﾠways	 ﾠin	 ﾠFig.	 ﾠ2.	 ﾠ	 ﾠ
Regularizing	 ﾠheterozygous	 ﾠcomplex	 ﾠvariants	 ﾠwithout	 ﾠphasing	 ﾠinformation	 ﾠis	 ﾠnot	 ﾠgenerally	 ﾠ
possible	 ﾠbecause	 ﾠthey	 ﾠcould	 ﾠbe	 ﾠphased	 ﾠin	 ﾠmultiple	 ﾠways.	 ﾠ	 ﾠAll	 ﾠother	 ﾠshell	 ﾠ(Sun	 ﾠGrid	 ﾠEngine)	 ﾠand	 ﾠ	 ﾠ 17	 ﾠ
perl	 ﾠscripts	 ﾠwritten	 ﾠfor	 ﾠthis	 ﾠwork	 ﾠand	 ﾠthe	 ﾠresulting	 ﾠbed	 ﾠfile	 ﾠare	 ﾠpublicly	 ﾠavailable	 ﾠat	 ﾠ
https://github.com/jzook/genome-ﾭ‐data-ﾭ‐integration.	 ﾠ
Obtaining	 ﾠhighly	 ﾠconfident	 ﾠgenotypes	 ﾠfor	 ﾠtraining	 ﾠVQSR	 ﾠ
To	 ﾠreduce	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠsites	 ﾠthat	 ﾠneed	 ﾠto	 ﾠbe	 ﾠprocessed,	 ﾠwe	 ﾠfirst	 ﾠused	 ﾠGATK	 ﾠ(v.	 ﾠ2.6-ﾭ‐4)	 ﾠ
UnifiedGenotyper	 ﾠand	 ﾠHaplotypeCaller	 ﾠwith	 ﾠa	 ﾠlow	 ﾠvariant	 ﾠquality	 ﾠscore	 ﾠthreshold	 ﾠof	 ﾠ2	 ﾠto	 ﾠfind	 ﾠall	 ﾠ
possible	 ﾠSNP	 ﾠand	 ﾠindel	 ﾠsites	 ﾠin	 ﾠeach	 ﾠdataset	 ﾠexcept	 ﾠComplete	 ﾠGenomics.	 ﾠ	 ﾠFor	 ﾠComplete	 ﾠ
Genomics,	 ﾠwe	 ﾠused	 ﾠtheir	 ﾠunfiltered	 ﾠset	 ﾠof	 ﾠSNP	 ﾠcalls	 ﾠfrom	 ﾠCGTools	 ﾠ2.0.	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠincluded	 ﾠ
sites	 ﾠcalled	 ﾠby	 ﾠCortex	 ﾠde	 ﾠnovo	 ﾠassembly	 ﾠmethod	 ﾠfor	 ﾠthe	 ﾠ~40x	 ﾠIllumina	 ﾠPCR-ﾭ‐free	 ﾠdataset.	 ﾠ	 ﾠThe	 ﾠ
union	 ﾠof	 ﾠthese	 ﾠsites	 ﾠfrom	 ﾠall	 ﾠdatasets	 ﾠserved	 ﾠas	 ﾠour	 ﾠset	 ﾠof	 ﾠpossible	 ﾠSNP	 ﾠsites	 ﾠfor	 ﾠdownstream	 ﾠ
processing.	 ﾠ	 ﾠ
	 ﾠ Since	 ﾠeach	 ﾠdataset	 ﾠdid	 ﾠnot	 ﾠmake	 ﾠa	 ﾠgenotype	 ﾠcall	 ﾠat	 ﾠevery	 ﾠpossible	 ﾠSNP	 ﾠand	 ﾠindel	 ﾠsite,	 ﾠwe	 ﾠ
forced	 ﾠGATK	 ﾠUnifiedGenotyper	 ﾠto	 ﾠcall	 ﾠgenotypes	 ﾠfor	 ﾠeach	 ﾠdataset	 ﾠindividually	 ﾠat	 ﾠall	 ﾠof	 ﾠthe	 ﾠ
possible	 ﾠSNP	 ﾠsites	 ﾠ(GATK_..._UG_recall_...sh).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠforced	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠto	 ﾠ
perform	 ﾠlocal	 ﾠde	 ﾠnovo	 ﾠassembly	 ﾠaround	 ﾠall	 ﾠcandidate	 ﾠindels	 ﾠand	 ﾠcomplex	 ﾠvariants	 ﾠfor	 ﾠeach	 ﾠ
dataset	 ﾠindividually	 ﾠ(GATK_..._haplo_recall…sh).	 ﾠ	 ﾠWe	 ﾠthen	 ﾠcombined	 ﾠthe	 ﾠUG	 ﾠand	 ﾠHC	 ﾠcalls,	 ﾠgiving	 ﾠ
preference	 ﾠto	 ﾠHC	 ﾠwithin	 ﾠ20bp	 ﾠof	 ﾠan	 ﾠHC	 ﾠindel	 ﾠwith	 ﾠa	 ﾠPL>20.	 ﾠ	 ﾠWe	 ﾠused	 ﾠthe	 ﾠgenotype	 ﾠlikelihoods	 ﾠ
(PL	 ﾠin	 ﾠvcf	 ﾠfile)	 ﾠto	 ﾠdetermine	 ﾠwhich	 ﾠsites	 ﾠhad	 ﾠgenotypes	 ﾠconfidently	 ﾠassigned	 ﾠacross	 ﾠmultiple	 ﾠ
datasets.	 ﾠ	 ﾠWe	 ﾠused	 ﾠthe	 ﾠminimum	 ﾠnon-ﾭ‐zero	 ﾠPL	 ﾠ(PLdiff),	 ﾠwhich	 ﾠis	 ﾠthe	 ﾠPhred-ﾭ‐scaled	 ﾠratio	 ﾠof	 ﾠthe	 ﾠ
likelihoods	 ﾠof	 ﾠthe	 ﾠmost	 ﾠlikely	 ﾠgenotype	 ﾠto	 ﾠthe	 ﾠnext	 ﾠmost	 ﾠlikely	 ﾠgenotype	 ﾠ(similar	 ﾠto	 ﾠthe	 ﾠMost	 ﾠ
Probable	 ﾠGenotype	 ﾠdescribed	 ﾠpreviously
27).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠdivided	 ﾠPLdiff	 ﾠby	 ﾠthe	 ﾠdepth	 ﾠof	 ﾠ
coverage	 ﾠ(PLdiff/DP)	 ﾠas	 ﾠa	 ﾠsurrogate	 ﾠfor	 ﾠallele	 ﾠbalance	 ﾠbecause	 ﾠPLdiff	 ﾠshould	 ﾠincrease	 ﾠlinearly	 ﾠ
with	 ﾠcoverage	 ﾠin	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠbias.	 ﾠ	 ﾠFor	 ﾠa	 ﾠheterozygous	 ﾠvariant	 ﾠsite	 ﾠto	 ﾠbe	 ﾠused	 ﾠto	 ﾠtrain	 ﾠVQSR,	 ﾠ
we	 ﾠrequired	 ﾠthat	 ﾠPLdiff>20	 ﾠfor	 ﾠat	 ﾠleast	 ﾠ2	 ﾠdatasets,	 ﾠthe	 ﾠnet	 ﾠPLdiff	 ﾠfor	 ﾠall	 ﾠdatasets	 ﾠ>	 ﾠ100,	 ﾠthe	 ﾠnet	 ﾠ
PLdiff/DP	 ﾠfor	 ﾠall	 ﾠdatasets	 ﾠ>	 ﾠ3.4,	 ﾠfewer	 ﾠthan	 ﾠ15%	 ﾠof	 ﾠthe	 ﾠdatasets	 ﾠhad	 ﾠPLdiff>20	 ﾠfor	 ﾠa	 ﾠdifferent	 ﾠ
genotype,	 ﾠfewer	 ﾠthan	 ﾠ30%	 ﾠof	 ﾠthe	 ﾠdatasets	 ﾠhave	 ﾠ>20%	 ﾠof	 ﾠthe	 ﾠreads	 ﾠwith	 ﾠmapping	 ﾠquality	 ﾠzero,	 ﾠ
and	 ﾠfewer	 ﾠthan	 ﾠ2	 ﾠdatasets	 ﾠhave	 ﾠa	 ﾠnearby	 ﾠindel	 ﾠcalled	 ﾠby	 ﾠHaplotypeCaller	 ﾠbut	 ﾠdo	 ﾠnot	 ﾠcall	 ﾠthis	 ﾠ
variant.	 ﾠFor	 ﾠa	 ﾠhomozygous	 ﾠvariant	 ﾠsite	 ﾠto	 ﾠbe	 ﾠused	 ﾠto	 ﾠtrain	 ﾠVQSR,	 ﾠwe	 ﾠrequired	 ﾠthat	 ﾠPLdiff>20	 ﾠfor	 ﾠ
at	 ﾠleast	 ﾠ2	 ﾠdatasets,	 ﾠthe	 ﾠnet	 ﾠPLdiff	 ﾠfor	 ﾠall	 ﾠdatasets	 ﾠ>	 ﾠ80,	 ﾠthe	 ﾠnet	 ﾠPLdiff/DP	 ﾠfor	 ﾠall	 ﾠdatasets	 ﾠ>	 ﾠ0.8,	 ﾠ
fewer	 ﾠthan	 ﾠ25%	 ﾠof	 ﾠthe	 ﾠdatasets	 ﾠhad	 ﾠPLdiff>20	 ﾠfor	 ﾠa	 ﾠdifferent	 ﾠgenotype,	 ﾠand	 ﾠfewer	 ﾠthan	 ﾠ2	 ﾠ
datasets	 ﾠhave	 ﾠa	 ﾠnearby	 ﾠindel	 ﾠcalled	 ﾠby	 ﾠHaplotypeCaller	 ﾠbut	 ﾠdo	 ﾠnot	 ﾠcall	 ﾠthis	 ﾠvariant.	 ﾠ	 ﾠThese	 ﾠ
requirements	 ﾠwere	 ﾠspecified	 ﾠto	 ﾠselect	 ﾠgenerally	 ﾠconcordant	 ﾠsites	 ﾠwith	 ﾠreasonable	 ﾠcoverage	 ﾠand	 ﾠ
allele	 ﾠbalances	 ﾠnear	 ﾠ0,	 ﾠ0.5,	 ﾠor	 ﾠ1	 ﾠfor	 ﾠtraining	 ﾠVQSR.	 ﾠ
These	 ﾠhighly	 ﾠconcordant	 ﾠheterozygous	 ﾠand	 ﾠhomozygous	 ﾠvariant	 ﾠgenotypes	 ﾠwere	 ﾠused	 ﾠ
independently	 ﾠto	 ﾠtrain	 ﾠthe	 ﾠVQSR	 ﾠGaussian	 ﾠMixture	 ﾠModel	 ﾠseparately	 ﾠfor	 ﾠeach	 ﾠdataset	 ﾠfor	 ﾠ
heterozygous	 ﾠand	 ﾠhomozygous	 ﾠ(variant	 ﾠand	 ﾠreference)	 ﾠgenotypes.	 ﾠ	 ﾠUnlike	 ﾠthe	 ﾠnormal	 ﾠVQSR	 ﾠ
process,	 ﾠwe	 ﾠtrain	 ﾠon	 ﾠheterozygous	 ﾠand	 ﾠhomozygous	 ﾠgenotypes	 ﾠindependently	 ﾠbecause	 ﾠthey	 ﾠ	 ﾠ 18	 ﾠ
could	 ﾠhave	 ﾠdifferent	 ﾠdistributions	 ﾠof	 ﾠannotations	 ﾠand	 ﾠdifferent	 ﾠcharacteristics	 ﾠof	 ﾠbias.	 ﾠ	 ﾠWe	 ﾠfit	 ﾠ
only	 ﾠa	 ﾠsingle	 ﾠGaussian	 ﾠdistribution	 ﾠto	 ﾠeach	 ﾠannotation	 ﾠsince	 ﾠmost	 ﾠof	 ﾠthe	 ﾠannotations	 ﾠhave	 ﾠ
approximately	 ﾠGaussian	 ﾠdistributions.	 ﾠ	 ﾠThus,	 ﾠadditional	 ﾠGaussians	 ﾠoften	 ﾠfit	 ﾠnoise	 ﾠin	 ﾠthe	 ﾠdata,	 ﾠ
and	 ﾠthe	 ﾠmodel	 ﾠfrequently	 ﾠdoes	 ﾠnot	 ﾠconverge	 ﾠwhen	 ﾠattempting	 ﾠto	 ﾠfit	 ﾠmore	 ﾠthan	 ﾠone	 ﾠGaussian.	 ﾠ
We	 ﾠfit	 ﾠVQSR	 ﾠGaussian	 ﾠmixture	 ﾠmodels	 ﾠfor	 ﾠannotations	 ﾠassociated	 ﾠwith	 ﾠalignment	 ﾠproblems,	 ﾠ
mapping	 ﾠproblems,	 ﾠsystematic	 ﾠsequencing	 ﾠerrors,	 ﾠand	 ﾠunusual	 ﾠallele	 ﾠbalance,	 ﾠusing	 ﾠthe	 ﾠshell	 ﾠ
and	 ﾠperl	 ﾠscripts	 ﾠRunVcfCombineUGHaplo_FDA_131103.sh,	 ﾠVcfCombineUGHaplo_v0.3.pl,	 ﾠ
VcfHighConfUGHaploMulti_HomJoint_1.3_FDA.pl,	 ﾠGATK_VQSR_..._131103.sh,	 ﾠand	 ﾠ
runVariantRecal…_131103.pl.	 ﾠ	 ﾠThe	 ﾠannotations	 ﾠused	 ﾠfor	 ﾠsystematic	 ﾠsequencing	 ﾠerrors,	 ﾠ
alignment	 ﾠbias,	 ﾠmapping	 ﾠbias,	 ﾠand	 ﾠabnormal	 ﾠallele	 ﾠbalance	 ﾠfor	 ﾠhomozygous	 ﾠand	 ﾠheterozygous	 ﾠ
genotypes	 ﾠare	 ﾠlisted	 ﾠin	 ﾠSupplementary	 ﾠTable	 ﾠS4.	 ﾠFor	 ﾠeach	 ﾠgenomic	 ﾠposition,	 ﾠthe	 ﾠVQSR	 ﾠGaussian	 ﾠ
mixture	 ﾠmodel	 ﾠoutputs	 ﾠa	 ﾠtranche	 ﾠranging	 ﾠfrom	 ﾠ0	 ﾠto	 ﾠ100,	 ﾠwith	 ﾠhigher	 ﾠnumbers	 ﾠindicating	 ﾠit	 ﾠhas	 ﾠ
more	 ﾠunusual	 ﾠcharacteristics,	 ﾠwhich	 ﾠmay	 ﾠindicate	 ﾠbias.	 ﾠ	 ﾠFor	 ﾠexample,	 ﾠa	 ﾠtranche	 ﾠof	 ﾠ99.9	 ﾠmeans	 ﾠ
that	 ﾠ0.1%	 ﾠof	 ﾠpositions	 ﾠhave	 ﾠcharacteristics	 ﾠmore	 ﾠextreme	 ﾠthan	 ﾠthis	 ﾠposition.	 ﾠ	 ﾠ	 ﾠ
Arbitration	 ﾠbetween	 ﾠdatasets	 ﾠwith	 ﾠconflicting	 ﾠgenotypes	 ﾠ
	 ﾠFor	 ﾠsome	 ﾠpositions	 ﾠin	 ﾠthe	 ﾠgenome,	 ﾠdatasets	 ﾠhave	 ﾠconflicting	 ﾠgenotypes.	 ﾠ	 ﾠOur	 ﾠapproach	 ﾠto	 ﾠ
arbitrating	 ﾠbetween	 ﾠconflicting	 ﾠdatasets	 ﾠis	 ﾠsummarized	 ﾠin	 ﾠFig.	 ﾠ1	 ﾠand	 ﾠSupplementary	 ﾠFig.	 ﾠS1.	 ﾠ	 ﾠWe	 ﾠ
hypothesize	 ﾠthat	 ﾠif	 ﾠa	 ﾠdataset	 ﾠhas	 ﾠunusual	 ﾠannotations	 ﾠassociated	 ﾠwith	 ﾠbias	 ﾠat	 ﾠa	 ﾠparticular	 ﾠ
genome	 ﾠsite,	 ﾠit	 ﾠis	 ﾠless	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠcorrect	 ﾠthan	 ﾠa	 ﾠdataset	 ﾠwith	 ﾠtypical	 ﾠcharacteristics	 ﾠat	 ﾠthat	 ﾠ
genome	 ﾠsite.	 ﾠ	 ﾠFor	 ﾠeach	 ﾠpossible	 ﾠvariant	 ﾠsite,	 ﾠwe	 ﾠfirst	 ﾠdetermine	 ﾠif	 ﾠat	 ﾠleast	 ﾠtwo	 ﾠdatasets	 ﾠ
confidently	 ﾠcall	 ﾠthe	 ﾠsame	 ﾠgenotype	 ﾠ(PLdiff>20)	 ﾠand	 ﾠat	 ﾠleast	 ﾠ5x	 ﾠmore	 ﾠdatasets	 ﾠconfidently	 ﾠcall	 ﾠ
this	 ﾠgenotype	 ﾠthan	 ﾠdisagree	 ﾠ(i.e.,	 ﾠhave	 ﾠPLdiff>20	 ﾠfor	 ﾠa	 ﾠdifferent	 ﾠgenotype).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwhen	 ﾠ
combining	 ﾠall	 ﾠdatasets	 ﾠthe	 ﾠnet	 ﾠPLdiff	 ﾠand	 ﾠPLdiff/DP	 ﾠmust	 ﾠexceed	 ﾠthe	 ﾠvalues	 ﾠin	 ﾠTable	 ﾠS5	 ﾠfor	 ﾠthe	 ﾠ
specific	 ﾠgenotype	 ﾠand	 ﾠclass	 ﾠof	 ﾠvariant.	 ﾠAlso,	 ﾠif	 ﾠtwo	 ﾠdatasets	 ﾠhave	 ﾠa	 ﾠindel	 ﾠcalled	 ﾠby	 ﾠthe	 ﾠ
HaplotypeCaller	 ﾠwithin	 ﾠ20	 ﾠbps	 ﾠand	 ﾠdo	 ﾠnot	 ﾠcall	 ﾠa	 ﾠvariant	 ﾠat	 ﾠthis	 ﾠposition,	 ﾠthen	 ﾠit	 ﾠdeclared	 ﾠ
uncertain.	 ﾠ	 ﾠIf	 ﾠthese	 ﾠconditions	 ﾠare	 ﾠnot	 ﾠmet,	 ﾠthen	 ﾠwe	 ﾠuse	 ﾠthe	 ﾠarbitration	 ﾠprocess.	 ﾠ	 ﾠWe	 ﾠstart	 ﾠ
filtering	 ﾠthe	 ﾠmost	 ﾠunusual	 ﾠsites	 ﾠ(tranche	 ﾠ>	 ﾠ99.5).	 ﾠ	 ﾠWe	 ﾠfirst	 ﾠfilter	 ﾠpossible	 ﾠsystematic	 ﾠsequencing	 ﾠ
errors	 ﾠabove	 ﾠthis	 ﾠtranche	 ﾠbecause	 ﾠthey	 ﾠare	 ﾠmost	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠbiases.	 ﾠ	 ﾠNext,	 ﾠwe	 ﾠfilter	 ﾠpossible	 ﾠ
alignment	 ﾠproblems	 ﾠabove	 ﾠthis	 ﾠtranche.	 ﾠThe	 ﾠorder	 ﾠof	 ﾠtranche	 ﾠfiltering	 ﾠis	 ﾠ99.5,	 ﾠ99,	 ﾠ95,	 ﾠand	 ﾠ90.	 ﾠ	 ﾠ
We	 ﾠfilter	 ﾠdecreasing	 ﾠtranches	 ﾠuntil	 ﾠmeeting	 ﾠthe	 ﾠconditions	 ﾠabove	 ﾠfor	 ﾠPLdiff	 ﾠand	 ﾠPLdiff/DP.	 ﾠ
Some	 ﾠpositions	 ﾠin	 ﾠthe	 ﾠgenome	 ﾠare	 ﾠdifficult	 ﾠfor	 ﾠall	 ﾠmethods,	 ﾠso	 ﾠeven	 ﾠif	 ﾠall	 ﾠdatasets	 ﾠagree	 ﾠon	 ﾠthe	 ﾠ
genotype	 ﾠthere	 ﾠmay	 ﾠbe	 ﾠsignificant	 ﾠuncertainty.	 ﾠ	 ﾠFor	 ﾠexample,	 ﾠif	 ﾠa	 ﾠregion	 ﾠhas	 ﾠone	 ﾠcopy	 ﾠin	 ﾠthe	 ﾠ
hg19/GRCh37	 ﾠreference	 ﾠassembly	 ﾠbut	 ﾠtwo	 ﾠcopies	 ﾠin	 ﾠboth	 ﾠalleles	 ﾠin	 ﾠNA12878,	 ﾠand	 ﾠone	 ﾠof	 ﾠthe	 ﾠ
copies	 ﾠhas	 ﾠa	 ﾠhomozygous	 ﾠSNP,	 ﾠit	 ﾠwould	 ﾠincorrectly	 ﾠappear	 ﾠas	 ﾠa	 ﾠheterozygous	 ﾠSNP	 ﾠin	 ﾠall	 ﾠdatasets.	 ﾠ	 ﾠ
To	 ﾠminimize	 ﾠincorrect	 ﾠgenotype	 ﾠcalls,	 ﾠwe	 ﾠuse	 ﾠthe	 ﾠVQSR	 ﾠtranches	 ﾠfor	 ﾠannotations	 ﾠassociated	 ﾠ
with	 ﾠsystematic	 ﾠsequencing	 ﾠerrors,	 ﾠalignment	 ﾠproblems,	 ﾠmapping	 ﾠproblems,	 ﾠand	 ﾠatypical	 ﾠallele	 ﾠ	 ﾠ 19	 ﾠ
balance.	 ﾠ	 ﾠFor	 ﾠhomozygous	 ﾠreference	 ﾠgenotypes,	 ﾠwe	 ﾠrequire	 ﾠthat	 ﾠat	 ﾠleast	 ﾠ2	 ﾠdatasets	 ﾠhave	 ﾠan	 ﾠ
alignment	 ﾠtranche	 ﾠ<	 ﾠ99.	 ﾠ	 ﾠFor	 ﾠheterozygous	 ﾠgenotypes,	 ﾠwe	 ﾠrequire	 ﾠthat	 ﾠat	 ﾠleast	 ﾠ3	 ﾠdatasets	 ﾠhave	 ﾠa	 ﾠ
mapping	 ﾠtranche	 ﾠ<	 ﾠ99,	 ﾠat	 ﾠleast	 ﾠ2	 ﾠdatasets	 ﾠhave	 ﾠa	 ﾠsystematic	 ﾠsequencing	 ﾠerror	 ﾠtranche	 ﾠ<	 ﾠ95,	 ﾠat	 ﾠ
least	 ﾠ2	 ﾠdatasets	 ﾠhave	 ﾠan	 ﾠalignment	 ﾠtranche	 ﾠ<	 ﾠ95,	 ﾠat	 ﾠleast	 ﾠ2	 ﾠdatasets	 ﾠhave	 ﾠan	 ﾠmapping	 ﾠtranche	 ﾠ<	 ﾠ
95,	 ﾠand	 ﾠat	 ﾠleast	 ﾠ2	 ﾠdatasets	 ﾠhave	 ﾠan	 ﾠallele	 ﾠbalance	 ﾠtranche	 ﾠ<	 ﾠ95.	 ﾠFor	 ﾠhomozygous	 ﾠvariant	 ﾠ
genotypes,	 ﾠwe	 ﾠrequire	 ﾠthat	 ﾠat	 ﾠleast	 ﾠ3	 ﾠdatasets	 ﾠhave	 ﾠa	 ﾠmapping	 ﾠtranche	 ﾠ<	 ﾠ99,	 ﾠat	 ﾠleast	 ﾠ2	 ﾠdatasets	 ﾠ
have	 ﾠan	 ﾠalignment	 ﾠtranche	 ﾠ<	 ﾠ99,	 ﾠand	 ﾠat	 ﾠleast	 ﾠ2	 ﾠdatasets	 ﾠhave	 ﾠan	 ﾠallele	 ﾠbalance	 ﾠtranche	 ﾠ<	 ﾠ99.	 ﾠ	 ﾠFor	 ﾠ
sites	 ﾠnot	 ﾠconsidered	 ﾠpotential	 ﾠvariants,	 ﾠwe	 ﾠdetermine	 ﾠwhether	 ﾠthey	 ﾠare	 ﾠcallable	 ﾠas	 ﾠhomozygous	 ﾠ
reference	 ﾠby	 ﾠusing	 ﾠthe	 ﾠGATK	 ﾠCallableLoci	 ﾠwalker,	 ﾠrequiring	 ﾠthat	 ﾠat	 ﾠleast	 ﾠthree	 ﾠdatasets	 ﾠhave	 ﾠa	 ﾠ
coverage	 ﾠgreater	 ﾠthan	 ﾠ5,	 ﾠexcluding	 ﾠbase	 ﾠquality	 ﾠscores	 ﾠless	 ﾠthan	 ﾠ10,	 ﾠand	 ﾠrequiring	 ﾠthat	 ﾠthe	 ﾠ
fraction	 ﾠof	 ﾠreads	 ﾠwith	 ﾠmapping	 ﾠquality	 ﾠ<10	 ﾠis	 ﾠ<10%	 ﾠ(CallableLoci_...sh).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠwe	 ﾠremove	 ﾠ
all	 ﾠregions	 ﾠwith	 ﾠknown	 ﾠtandem	 ﾠduplications	 ﾠnot	 ﾠin	 ﾠthe	 ﾠGRCh37	 ﾠReference	 ﾠAssembly,	 ﾠand	 ﾠwe	 ﾠ
optionally	 ﾠhave	 ﾠa	 ﾠbed	 ﾠfile	 ﾠthat	 ﾠremoves	 ﾠall	 ﾠstructural	 ﾠvariants	 ﾠfor	 ﾠNA12878	 ﾠreported	 ﾠin	 ﾠdbVar	 ﾠ(as	 ﾠ
of	 ﾠJune	 ﾠ12,	 ﾠ2013),	 ﾠand/or	 ﾠlong	 ﾠhomopolymers	 ﾠand	 ﾠtandem	 ﾠrepeats	 ﾠthat	 ﾠdo	 ﾠnot	 ﾠhave	 ﾠat	 ﾠleast	 ﾠ5	 ﾠ
reads	 ﾠcovering	 ﾠthem	 ﾠin	 ﾠone	 ﾠof	 ﾠthe	 ﾠdatasets	 ﾠwith	 ﾠ7	 ﾠbp	 ﾠmapped	 ﾠon	 ﾠeither	 ﾠside	 ﾠ(created	 ﾠwith	 ﾠ
BedSimpleRepeatBamCov.pl).	 ﾠ	 ﾠWe	 ﾠdepict	 ﾠregions	 ﾠas	 ﾠ“callable”	 ﾠusing	 ﾠbed	 ﾠfiles,	 ﾠwhich	 ﾠis	 ﾠcreated	 ﾠ
using	 ﾠthe	 ﾠprocess	 ﾠdescribed	 ﾠabove	 ﾠusing	 ﾠMakeBedFiles_v2.18_131103.sh,	 ﾠwith	 ﾠresults	 ﾠand	 ﾠ
uncertain	 ﾠcategories	 ﾠin	 ﾠSupplementary	 ﾠTables	 ﾠS2	 ﾠand	 ﾠS3.	 ﾠ	 ﾠAll	 ﾠbases	 ﾠinside	 ﾠthe	 ﾠbed	 ﾠfile	 ﾠand	 ﾠnot	 ﾠin	 ﾠ
the	 ﾠvariant	 ﾠcall	 ﾠfile	 ﾠcan	 ﾠbe	 ﾠconsidered	 ﾠhighly	 ﾠconfident	 ﾠhomozygous	 ﾠreference,	 ﾠand	 ﾠcan	 ﾠbe	 ﾠused	 ﾠ
to	 ﾠassess	 ﾠFP	 ﾠrates	 ﾠin	 ﾠany	 ﾠsequencing	 ﾠdataset.	 ﾠ
GCAT	 ﾠperformance	 ﾠassessment	 ﾠof	 ﾠdataset	 ﾠ
To	 ﾠperform	 ﾠthe	 ﾠcomparisons	 ﾠin	 ﾠGCAT,	 ﾠthe	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠvcf	 ﾠfiles	 ﾠwere	 ﾠfirst	 ﾠregularized	 ﾠusing	 ﾠ
vcflib	 ﾠvcfallelicprimitives.	 ﾠ	 ﾠFor	 ﾠthe	 ﾠwhole	 ﾠgenome	 ﾠcomparisons,	 ﾠthe	 ﾠvariants	 ﾠwere	 ﾠalso	 ﾠsubset	 ﾠ
with	 ﾠthe	 ﾠbed	 ﾠfile	 ﾠexcluding	 ﾠdbVar	 ﾠstructural	 ﾠvariants.	 ﾠ	 ﾠFor	 ﾠthe	 ﾠwhole	 ﾠexome	 ﾠcomparisons,	 ﾠthe	 ﾠ
variants	 ﾠwere	 ﾠsubset	 ﾠwith	 ﾠboth	 ﾠthe	 ﾠbed	 ﾠfile	 ﾠexcluding	 ﾠdbVar	 ﾠstructural	 ﾠvariants	 ﾠand	 ﾠthe	 ﾠtarget	 ﾠ
exome	 ﾠbed	 ﾠfile	 ﾠfrom	 ﾠthe	 ﾠmanufacturer	 ﾠ(iontorrent	 ﾠTargetSeq_hg19	 ﾠ
http://ioncommunity.lifetechnologies.com/docs/DOC-ﾭ‐2817	 ﾠand	 ﾠIllumina	 ﾠexome	 ﾠ
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/exome_pull_down_targets//201
30108.exome.targets.bed).	 ﾠ	 ﾠReceiver	 ﾠoperating	 ﾠcharacteristic	 ﾠ(ROC)	 ﾠcurves	 ﾠwere	 ﾠgenerated	 ﾠby	 ﾠ
sorting	 ﾠthe	 ﾠvariants	 ﾠby	 ﾠcoverage	 ﾠor	 ﾠvariant	 ﾠquality	 ﾠscore	 ﾠand	 ﾠcalculating	 ﾠtrue	 ﾠpositive	 ﾠrate	 ﾠand	 ﾠ
false	 ﾠpositive	 ﾠrate	 ﾠas	 ﾠvariants	 ﾠwith	 ﾠdecreasing	 ﾠcoverage	 ﾠor	 ﾠvariant	 ﾠquality	 ﾠscore	 ﾠare	 ﾠadded.	 ﾠ	 ﾠ
	 ﾠ	 ﾠ 1	 ﾠ
Supplementary	 ﾠInformation	 ﾠfor	 ﾠZook	 ﾠet	 ﾠal.	 ﾠ
Manual	 ﾠinspection	 ﾠof	 ﾠalignments	 ﾠat	 ﾠdiscordant	 ﾠvariants	 ﾠon	 ﾠchromosome	 ﾠ1	 ﾠbetween	 ﾠour	 ﾠ
integrated	 ﾠcalls	 ﾠand	 ﾠthe	 ﾠX	 ﾠPrize	 ﾠfosmid	 ﾠcalls	 ﾠ
To	 ﾠunderstand	 ﾠwhich	 ﾠmethod	 ﾠwas	 ﾠcorrect	 ﾠwhen	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠand	 ﾠthe	 ﾠfosmid	 ﾠ
calls	 ﾠwere	 ﾠdiscordant,	 ﾠwe	 ﾠmanually	 ﾠcurated	 ﾠalignments	 ﾠfrom	 ﾠseveral	 ﾠdatasets	 ﾠin	 ﾠthe	 ﾠregions	 ﾠ
around	 ﾠa	 ﾠrandomly	 ﾠselected	 ﾠ25%	 ﾠof	 ﾠthe	 ﾠdiscordant	 ﾠvariants	 ﾠ(see	 ﾠSupplementary	 ﾠFigs.	 ﾠS4	 ﾠto	 ﾠS28	 ﾠ
for	 ﾠsome	 ﾠexamples).	 ﾠ	 ﾠManual	 ﾠcuration	 ﾠof	 ﾠalignments	 ﾠfrom	 ﾠmultiple	 ﾠdatasets,	 ﾠaligners,	 ﾠand	 ﾠ
sequencing	 ﾠplatforms	 ﾠallowed	 ﾠus	 ﾠto	 ﾠresolve	 ﾠthe	 ﾠreasons	 ﾠfor	 ﾠall	 ﾠof	 ﾠthe	 ﾠdifferences	 ﾠbetween	 ﾠour	 ﾠ
integrated	 ﾠcalls	 ﾠand	 ﾠthe	 ﾠfosmid	 ﾠcalls.	 ﾠ	 ﾠ	 ﾠ
For	 ﾠthe	 ﾠmanually	 ﾠcurated	 ﾠvariants	 ﾠin	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠand	 ﾠnot	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠcalls,	 ﾠ
almost	 ﾠall	 ﾠwere	 ﾠFNs	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠcalls	 ﾠdue	 ﾠto	 ﾠmis-ﾭ‐called	 ﾠcomplex	 ﾠvariants	 ﾠ(see	 ﾠSupplementary	 ﾠ
Fig.	 ﾠS4)	 ﾠor	 ﾠoverly	 ﾠstringent	 ﾠfiltering	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS5),	 ﾠexcept	 ﾠfor	 ﾠone	 ﾠSNP	 ﾠ
(chr2:108078636)	 ﾠthat	 ﾠwas	 ﾠclearly	 ﾠhomozygous	 ﾠvariant	 ﾠin	 ﾠall	 ﾠour	 ﾠintegrated	 ﾠdatasets	 ﾠbut	 ﾠ
clearly	 ﾠhomozygous	 ﾠreference	 ﾠin	 ﾠthe	 ﾠfosmids	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS6).	 ﾠThe	 ﾠreason	 ﾠis	 ﾠ
unclear	 ﾠfor	 ﾠthe	 ﾠdiscordant	 ﾠSNP	 ﾠcalled	 ﾠfrom	 ﾠWGS	 ﾠbut	 ﾠnot	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠreads,	 ﾠbut	 ﾠit	 ﾠappears	 ﾠ
unlikely	 ﾠto	 ﾠbe	 ﾠa	 ﾠFP	 ﾠin	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠsince	 ﾠcoverage,	 ﾠalignments,	 ﾠmapping	 ﾠquality,	 ﾠbase	 ﾠ
qualities,	 ﾠand	 ﾠother	 ﾠcharacteristics	 ﾠare	 ﾠall	 ﾠnormal	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS6).	 ﾠ	 ﾠAlso,	 ﾠone	 ﾠ
region	 ﾠthat	 ﾠwe	 ﾠonly	 ﾠpartially	 ﾠexcluded	 ﾠas	 ﾠuncertain	 ﾠcontained	 ﾠsome	 ﾠhighly	 ﾠconfident	 ﾠvariants	 ﾠ
that	 ﾠmay	 ﾠactually	 ﾠbe	 ﾠerrors	 ﾠdue	 ﾠto	 ﾠa	 ﾠlarge	 ﾠdeletion	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS7).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠ
our	 ﾠhighly	 ﾠconfident	 ﾠcalls	 ﾠcontained	 ﾠonly	 ﾠpart	 ﾠof	 ﾠa	 ﾠvery	 ﾠlarge	 ﾠcomplex	 ﾠvariant	 ﾠon	 ﾠchromosome	 ﾠ
8,	 ﾠpart	 ﾠof	 ﾠwhich	 ﾠwas	 ﾠin	 ﾠour	 ﾠuncertain	 ﾠregions,	 ﾠthough	 ﾠeven	 ﾠmore	 ﾠof	 ﾠthe	 ﾠcomplex	 ﾠvariant	 ﾠwas	 ﾠ
missed	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠcalls	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS8).	 ﾠ
We	 ﾠalso	 ﾠmanually	 ﾠcurated	 ﾠalignments	 ﾠaround	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠcalls	 ﾠand	 ﾠnot	 ﾠin	 ﾠour	 ﾠ
integrated	 ﾠcalls,	 ﾠand	 ﾠseveral	 ﾠreasons	 ﾠwere	 ﾠfound	 ﾠfor	 ﾠthe	 ﾠdifferences.	 ﾠ	 ﾠ19	 ﾠof	 ﾠthe	 ﾠdiscordant	 ﾠcalls	 ﾠ
were	 ﾠcompound	 ﾠheterozygous	 ﾠcalls	 ﾠthat	 ﾠwere	 ﾠactually	 ﾠconsistent,	 ﾠbut	 ﾠthe	 ﾠcomparison	 ﾠ
algorithm	 ﾠdoes	 ﾠnot	 ﾠappropriately	 ﾠcompare	 ﾠthem	 ﾠto	 ﾠhaploid	 ﾠcalls	 ﾠ(see	 ﾠSupplementary	 ﾠFigs.	 ﾠS9	 ﾠ
and	 ﾠS10).	 ﾠ	 ﾠA	 ﾠfew	 ﾠdiscordant	 ﾠcalls	 ﾠresulted	 ﾠfrom	 ﾠsystematic	 ﾠsequencing	 ﾠerrors	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠ
calls	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS11).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠmany	 ﾠof	 ﾠthe	 ﾠdiscordant	 ﾠcalls	 ﾠwere	 ﾠerrors	 ﾠin	 ﾠthe	 ﾠ
fosmid	 ﾠcomplex	 ﾠcalls	 ﾠ(see	 ﾠSupplementary	 ﾠFigs.	 ﾠS4	 ﾠand	 ﾠS5),	 ﾠbut	 ﾠthere	 ﾠwere	 ﾠalso	 ﾠ3	 ﾠinstances	 ﾠ
where	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠcall	 ﾠpart	 ﾠof	 ﾠa	 ﾠcomplex	 ﾠvariant	 ﾠuncertain	 ﾠso	 ﾠthat	 ﾠa	 ﾠproper	 ﾠcomparison	 ﾠ
could	 ﾠnot	 ﾠbe	 ﾠperformed	 ﾠ(see	 ﾠSupplementary	 ﾠFigs.	 ﾠS12	 ﾠand	 ﾠS13).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠin	 ﾠone	 ﾠlocation	 ﾠ
with	 ﾠtwo	 ﾠnearby	 ﾠSNPs,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes	 ﾠonly	 ﾠcontain	 ﾠone	 ﾠof	 ﾠthem	 ﾠdue	 ﾠto	 ﾠan	 ﾠ
error	 ﾠin	 ﾠour	 ﾠintegration	 ﾠof	 ﾠUnifiedGenotyper	 ﾠand	 ﾠHaplotypeCaller	 ﾠcalls	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠ
S14).	 ﾠ	 ﾠThere	 ﾠwere	 ﾠalso	 ﾠ8	 ﾠSNPs	 ﾠand	 ﾠ7	 ﾠindels	 ﾠfor	 ﾠwhich	 ﾠthe	 ﾠfosmid	 ﾠcontained	 ﾠa	 ﾠclear	 ﾠvariant	 ﾠand	 ﾠ
all	 ﾠof	 ﾠthe	 ﾠWGS	 ﾠdatasets	 ﾠcontained	 ﾠstrong	 ﾠevidence	 ﾠfor	 ﾠa	 ﾠhomozygous	 ﾠreference	 ﾠcall	 ﾠwithout	 ﾠany	 ﾠ
unusual	 ﾠcharacteristics	 ﾠor	 ﾠevidence	 ﾠof	 ﾠbias	 ﾠ(see	 ﾠSupplementary	 ﾠFigs.	 ﾠS15	 ﾠand	 ﾠS16).	 ﾠ	 ﾠSix	 ﾠof	 ﾠthese	 ﾠ
indels	 ﾠwere	 ﾠin	 ﾠhomopolymers,	 ﾠand	 ﾠone	 ﾠwas	 ﾠin	 ﾠa	 ﾠdinucleotide	 ﾠtandem	 ﾠrepeat.	 ﾠ	 ﾠThese	 ﾠvariants	 ﾠ
appear	 ﾠunlikely	 ﾠto	 ﾠbe	 ﾠFNs	 ﾠin	 ﾠour	 ﾠintegrated	 ﾠcalls,	 ﾠbut	 ﾠrather	 ﾠmay	 ﾠresult	 ﾠfrom	 ﾠlow	 ﾠfrequency	 ﾠde	 ﾠ
novo	 ﾠmutations	 ﾠin	 ﾠthe	 ﾠcell	 ﾠline.	 ﾠ	 ﾠThe	 ﾠwhole	 ﾠgenome	 ﾠmutation	 ﾠrate	 ﾠof	 ﾠcell	 ﾠlines	 ﾠper	 ﾠdoubling	 ﾠhas	 ﾠ
not	 ﾠbeen	 ﾠwell-ﾭ‐measured	 ﾠand	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠdoublings	 ﾠin	 ﾠthis	 ﾠ>30-ﾭ‐year-ﾭ‐old	 ﾠcell	 ﾠline	 ﾠis	 ﾠnot	 ﾠ
known,	 ﾠbut	 ﾠin	 ﾠa	 ﾠmutation	 ﾠrate	 ﾠof	 ﾠ1	 ﾠx	 ﾠ10-ﾭ‐9	 ﾠper	 ﾠgeneration	 ﾠover	 ﾠ3xx	 ﾠgenerations	 ﾠwould	 ﾠgenerate	 ﾠ
~15	 ﾠmutations	 ﾠthat	 ﾠwould	 ﾠbe	 ﾠpicked	 ﾠup	 ﾠin	 ﾠfosmids	 ﾠcovering	 ﾠ30	 ﾠmillion	 ﾠbases.	 ﾠIn	 ﾠone	 ﾠlocation,	 ﾠ
the	 ﾠfosmids	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠone	 ﾠbase	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠcorrect	 ﾠlocation,	 ﾠlikely	 ﾠdue	 ﾠto	 ﾠa	 ﾠbug	 ﾠin	 ﾠthe	 ﾠ
caller	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠS17).	 ﾠ	 ﾠIn	 ﾠseveral	 ﾠlocations,	 ﾠthe	 ﾠfosmids	 ﾠcall	 ﾠa	 ﾠlarge	 ﾠindel	 ﾠof	 ﾠ	 ﾠ 2	 ﾠ
uncertain	 ﾠlength,	 ﾠwhich	 ﾠis	 ﾠcalled	 ﾠcorrectly	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠcalls	 ﾠ(see	 ﾠSupplementary	 ﾠFig.	 ﾠ
S17).	 ﾠ	 ﾠ	 ﾠ
The	 ﾠfosmids	 ﾠcontain	 ﾠ119	 ﾠmillion	 ﾠreference	 ﾠbases	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions,	 ﾠand	 ﾠwe	 ﾠ
manually	 ﾠcurated	 ﾠ25%	 ﾠof	 ﾠdiscordant	 ﾠvariants	 ﾠin	 ﾠthese	 ﾠbases.	 ﾠ	 ﾠTherefore,	 ﾠthis	 ﾠanalysis	 ﾠsuggests	 ﾠ
that	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠlikely	 ﾠcontain	 ﾠ~3	 ﾠpartial	 ﾠcomplex	 ﾠvariant	 ﾠcalls	 ﾠand	 ﾠbetween	 ﾠ0	 ﾠand	 ﾠ1	 ﾠ
false	 ﾠpositive	 ﾠor	 ﾠfalse	 ﾠnegative	 ﾠsimple	 ﾠSNP	 ﾠor	 ﾠindel	 ﾠcalls	 ﾠper	 ﾠ30	 ﾠmillion	 ﾠhighly	 ﾠconfident	 ﾠbases,	 ﾠ





Table	 ﾠS1:	 ﾠEffects	 ﾠof	 ﾠlimitations	 ﾠof	 ﾠthe	 ﾠdataset	 ﾠused	 ﾠas	 ﾠa	 ﾠbenchmark	 ﾠon	 ﾠperformance	 ﾠassessment	 ﾠ	 ﾠ
	 ﾠ
Assessed	 ﾠdataset	 ﾠis	 ﾠ
correct	 ﾠ




















False	 ﾠPositive	 ﾠ -ﾭ‐	 ﾠ ￩	 ﾠ ￪	 ﾠ -ﾭ‐	 ﾠ
False	 ﾠ
Negative	 ﾠ
￩	 ﾠ -ﾭ‐	 ﾠ -ﾭ‐	 ﾠ ￪	 ﾠ
Uncertain
1	 ﾠ ￩	 ﾠ ￩	 ﾠ ￪	 ﾠ ￪	 ﾠ
1Uncertain	 ﾠcalls	 ﾠwill	 ﾠusually	 ﾠhave	 ﾠa	 ﾠnet	 ﾠeffect	 ﾠof	 ﾠunderestimating	 ﾠFP	 ﾠand	 ﾠFN	 ﾠrates	 ﾠbecause	 ﾠthey	 ﾠusually	 ﾠ
disproportionately	 ﾠfall	 ﾠin	 ﾠmore	 ﾠdifficult	 ﾠregions	 ﾠof	 ﾠthe	 ﾠgenome	 ﾠ
	 ﾠ
	 ﾠ
Table	 ﾠS2:	 ﾠVariants	 ﾠand	 ﾠregions	 ﾠincluded	 ﾠin	 ﾠthe	 ﾠbed	 ﾠfile	 ﾠdescribing	 ﾠhighly	 ﾠconfident	 ﾠregions	 ﾠas	 ﾠ
additional	 ﾠuncertain	 ﾠregions	 ﾠare	 ﾠexcluded,	 ﾠwith	 ﾠthe	 ﾠpercentage	 ﾠof	 ﾠtotal	 ﾠvariants	 ﾠor	 ﾠbases	 ﾠin	 ﾠ
parentheses.	 ﾠ	 ﾠVariants	 ﾠare	 ﾠfrom	 ﾠour	 ﾠintegrated	 ﾠcallset	 ﾠand	 ﾠfrom	 ﾠthe	 ﾠ250bp	 ﾠwhole	 ﾠgenome	 ﾠ
Illumina	 ﾠcalled	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠv.2.6	 ﾠ(250bp_HC).	 ﾠ	 ﾠOnly	 ﾠbases	 ﾠthat	 ﾠare	 ﾠnot	 ﾠN	 ﾠin	 ﾠthe	 ﾠ
reference	 ﾠgenome	 ﾠand	 ﾠin	 ﾠchromosomes	 ﾠ1-ﾭ‐22	 ﾠand	 ﾠX	 ﾠare	 ﾠincluded.	 ﾠ
	 ﾠ	 ﾠ Integrated	 ﾠ 250bp_HC	 ﾠVariants	 ﾠ Non-ﾭ‐N	 ﾠbases	 ﾠ	 ﾠ
	 ﾠ	 ﾠ All	 ﾠ All	 ﾠ PASSonly	 ﾠ remaining	 ﾠin	 ﾠgenome	 ﾠ
Original	 ﾠvariants	 ﾠ 10,819,577	 ﾠ(100%)	 ﾠ 6,390,200	 ﾠ(100%)	 ﾠ 6,222,108	 ﾠ(100%)	 ﾠ 2,835,690,481	 ﾠ(100%)	 ﾠ
Low	 ﾠcoverage	 ﾠor	 ﾠmapping	 ﾠ
quality	 ﾠ
	 ﾠ
6,291,061	 ﾠ(58.1%)	 ﾠ 6,135,423	 ﾠ(96.0%)	 ﾠ 6,020,657	 ﾠ(96.7%)	 ﾠ 2,752,862,066	 ﾠ(97.1%)	 ﾠ
Add	 ﾠcertain	 ﾠvariants	 ﾠ 5,521,641	 ﾠ(51%)	 ﾠ 6,161,083	 ﾠ(96.4%)	 ﾠ 6,043,192	 ﾠ(97.1%)	 ﾠ 2,752,995,088	 ﾠ(97.1%)	 ﾠ
Remove	 ﾠuncertain	 ﾠvariants	 ﾠ 3,653,364	 ﾠ(33.8%)	 ﾠ 5,031,438	 ﾠ(78.7%)	 ﾠ 4,991,288	 ﾠ(80.2%)	 ﾠ 2,673,122,703	 ﾠ(94.3%)	 ﾠ
Remove	 ﾠsimple	 ﾠrepeats	 ﾠ 3,620,149	 ﾠ(33.5%)	 ﾠ 4,976,032	 ﾠ(77.9%)	 ﾠ 4,936,900	 ﾠ(79.3%)	 ﾠ 2,662,216,037	 ﾠ(93.9%)	 ﾠ
Remove	 ﾠsegmental	 ﾠduplications	 ﾠ 3,495,411	 ﾠ(32.3%)	 ﾠ 4,794,353	 ﾠ(75.0%)	 ﾠ 4,771,193	 ﾠ(76.7%)	 ﾠ 2,586,928,427	 ﾠ(91.2%)	 ﾠ
Remove	 ﾠdecoy	 ﾠsequence	 ﾠ 3,493,963	 ﾠ(32.3%)	 ﾠ 4,792,819	 ﾠ(75.0%)	 ﾠ 4,770,405	 ﾠ(76.7%)	 ﾠ 2,586,546,317	 ﾠ(91.2%)	 ﾠ
Remove	 ﾠRepeatSeq	 ﾠSTRs	 ﾠ 3,339,354	 ﾠ(30.9%)	 ﾠ 4,571,495	 ﾠ(71.5%)	 ﾠ 4,550,470	 ﾠ(73.1%)	 ﾠ 2,484,884,293	 ﾠ(87.6%)	 ﾠ
Remove	 ﾠstructural	 ﾠvariants	 ﾠ 2,915,732	 ﾠ(26.9%)	 ﾠ 4,001,758	 ﾠ(62.6%)	 ﾠ 3,987,453	 ﾠ(64.1%)	 ﾠ 2,195,078,292	 ﾠ(77.4%)	 ﾠ
	 ﾠ	 ﾠ 3	 ﾠ
	 ﾠ
Table	 ﾠS3:	 ﾠVariants	 ﾠand	 ﾠregions	 ﾠexcluded	 ﾠas	 ﾠuncertain	 ﾠfor	 ﾠdifferent	 ﾠreasons	 ﾠduring	 ﾠour	 ﾠ
integration	 ﾠprocess,	 ﾠand	 ﾠthe	 ﾠnumbers	 ﾠof	 ﾠvariants	 ﾠthat	 ﾠfall	 ﾠinside	 ﾠthese	 ﾠregions	 ﾠfrom	 ﾠour	 ﾠ
integrated	 ﾠcallset	 ﾠand	 ﾠfrom	 ﾠthe	 ﾠ250bp	 ﾠwhole	 ﾠgenome	 ﾠIllumina	 ﾠcalled	 ﾠwith	 ﾠGATK	 ﾠ
HaplotypeCaller	 ﾠv.2.6	 ﾠ(250bp_HC).	 ﾠ	 ﾠOnly	 ﾠbases	 ﾠthat	 ﾠare	 ﾠnot	 ﾠN	 ﾠin	 ﾠthe	 ﾠreference	 ﾠgenome	 ﾠand	 ﾠin	 ﾠ
chromosomes	 ﾠ1-ﾭ‐22	 ﾠand	 ﾠX	 ﾠare	 ﾠincluded.	 ﾠ
	 ﾠ	 ﾠ 	 ﾠBases	 ﾠ Integrated	 ﾠVariants	 ﾠ 250bp_HC	 ﾠVariants	 ﾠ
	 ﾠ	 ﾠ Excluded	 ﾠ All	 ﾠ No	 ﾠfiltered	 ﾠsites	 ﾠ All	 ﾠ No	 ﾠfiltered	 ﾠsites	 ﾠ
Mapping	 ﾠbias	 ﾠ 	 ﾠ50,115	 ﾠ	 ﾠ 	 ﾠ50,115	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ39,047	 ﾠ	 ﾠ 	 ﾠ27,564	 ﾠ	 ﾠ
Systematic	 ﾠsequencing	 ﾠerror	 ﾠ 	 ﾠ10,888	 ﾠ	 ﾠ 	 ﾠ10,888	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ7,104	 ﾠ	 ﾠ 	 ﾠ6,268	 ﾠ	 ﾠ
Abnormal	 ﾠallele	 ﾠbalance	 ﾠ 	 ﾠ114,447	 ﾠ	 ﾠ 	 ﾠ114,447	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ25,250	 ﾠ	 ﾠ 	 ﾠ21,272	 ﾠ	 ﾠ
Local	 ﾠAlignment	 ﾠbias	 ﾠ 	 ﾠ87,763	 ﾠ	 ﾠ 	 ﾠ87,763	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ14,337	 ﾠ	 ﾠ 11,559	 ﾠ	 ﾠ
<	 ﾠ2	 ﾠdatasets	 ﾠ 	 ﾠ59,195	 ﾠ	 ﾠ 	 ﾠ59,195	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ7,505	 ﾠ	 ﾠ 	 ﾠ7,001	 ﾠ	 ﾠ
Low	 ﾠcoverage	 ﾠ 	 ﾠ34,436	 ﾠ	 ﾠ 	 ﾠ34,436	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 1,812	 ﾠ	 ﾠ 	 ﾠ1,688	 ﾠ	 ﾠ
Reference	 ﾠin	 ﾠHaplotypeCaller	 ﾠ 	 ﾠ13,941	 ﾠ	 ﾠ 	 ﾠ13,941	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ5,501	 ﾠ	 ﾠ 	 ﾠ5,259	 ﾠ	 ﾠ
Conflicting	 ﾠgenotypes	 ﾠ 	 ﾠ1,443,677	 ﾠ	 ﾠ
	 ﾠ
1,443,680	 ﾠ	 ﾠ 	 ﾠ-ﾭ‐	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ342,945	 ﾠ	 ﾠ 	 ﾠ265,930	 ﾠ	 ﾠ
Low	 ﾠcoverage/low	 ﾠmapping	 ﾠ
quality	 ﾠ 	 ﾠ	 ﾠ82,828,415	 ﾠ 	 ﾠ795,436	 ﾠ	 ﾠ 	 ﾠ60,580	 ﾠ	 ﾠ 254,777	 ﾠ	 ﾠ 	 ﾠ201,451	 ﾠ	 ﾠ
Segmental	 ﾠduplications	 ﾠ 	 ﾠ150,638,985	 ﾠ	 ﾠ 	 ﾠ781,808	 ﾠ	 ﾠ 	 ﾠ165,801	 ﾠ	 ﾠ 	 ﾠ414,780	 ﾠ	 ﾠ 	 ﾠ323,818	 ﾠ	 ﾠ
1000	 ﾠGenomes	 ﾠdecoy	 ﾠ 	 ﾠ1,507,000	 ﾠ	 ﾠ 	 ﾠ45,166	 ﾠ	 ﾠ 	 ﾠ16,165	 ﾠ	 ﾠ 	 ﾠ7,376	 ﾠ	 ﾠ 	 ﾠ3,603	 ﾠ	 ﾠ
Simple	 ﾠRepeats	 ﾠ 	 ﾠ18,651,604	 ﾠ	 ﾠ 	 ﾠ	 ﾠ351,622	 ﾠ	 ﾠ 	 ﾠ76,421	 ﾠ	 ﾠ 	 ﾠ227,238	 ﾠ	 ﾠ 	 ﾠ220,740	 ﾠ	 ﾠ
dbVar	 ﾠStructural	 ﾠVariants	 ﾠ 	 ﾠ432,456,384	 ﾠ	 ﾠ 1,580,710	 ﾠ 	 ﾠ595,655	 ﾠ	 ﾠ 1,074,436	 ﾠ	 ﾠ 	 ﾠ980,695	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Supplementary	 ﾠTable	 ﾠS4:	 ﾠAnnotations	 ﾠused	 ﾠin	 ﾠGATK	 ﾠVariant	 ﾠQuality	 ﾠScore	 ﾠRecalibration	 ﾠfor	 ﾠarbitration	 ﾠ
and	 ﾠflagging	 ﾠdifficult	 ﾠsites	 ﾠas	 ﾠuncertain	 ﾠ
Category	 ﾠof	 ﾠ






Neighboring	 ﾠbase	 ﾠquality	 ﾠscore*	 ﾠ
Fisher	 ﾠStrand	 ﾠBias	 ﾠ(FS)	 ﾠ
Base	 ﾠQuality	 ﾠRank	 ﾠSum	 ﾠTest	 ﾠ(BaseQRankSum)	 ﾠ
Neighboring	 ﾠbase	 ﾠquality	 ﾠscore*	 ﾠ
Alignment	 ﾠ
bias	 ﾠ
Mean	 ﾠdistance	 ﾠfrom	 ﾠeither	 ﾠend	 ﾠof	 ﾠthe	 ﾠread	 ﾠ
(ReadPosEndDist)*	 ﾠ
HaplotypeScore	 ﾠ









Mean	 ﾠMapping	 ﾠQuality	 ﾠ
Fraction	 ﾠof	 ﾠreads	 ﾠwith	 ﾠMQ=0	 ﾠ(MQ0Fraction)	 ﾠ
Mapping	 ﾠQuality	 ﾠRank	 ﾠSum	 ﾠTest	 ﾠ(MQRankSum)	 ﾠ
Depth	 ﾠof	 ﾠCoverage	 ﾠ(DP)	 ﾠ
Mean	 ﾠMapping	 ﾠQuality	 ﾠ
Fraction	 ﾠof	 ﾠreads	 ﾠwith	 ﾠMQ=0	 ﾠ(MQ0Fraction)	 ﾠ
Mapping	 ﾠQuality	 ﾠRank	 ﾠSum	 ﾠTest	 ﾠ(MQRankSum)	 ﾠ





Allele	 ﾠBalance	 ﾠ	 ﾠ
Variant	 ﾠQuality	 ﾠScore/Depth	 ﾠof	 ﾠCoverage	 ﾠ(QD)	 ﾠ
Allele	 ﾠBalance	 ﾠ	 ﾠ
Variant	 ﾠQuality	 ﾠScore/Depth	 ﾠof	 ﾠCoverage	 ﾠ(QD)	 ﾠ
1Mapping	 ﾠbias	 ﾠis	 ﾠonly	 ﾠused	 ﾠfor	 ﾠflagging	 ﾠheterozygous	 ﾠsites	 ﾠas	 ﾠuncertain	 ﾠand	 ﾠnot	 ﾠfor	 ﾠarbitrating	 ﾠbetween	 ﾠdatasets	 ﾠ
2Abnormal	 ﾠallele	 ﾠbalance	 ﾠis	 ﾠonly	 ﾠused	 ﾠfor	 ﾠflagging	 ﾠheterozygous	 ﾠand	 ﾠhomozygous	 ﾠvariant	 ﾠsites	 ﾠas	 ﾠuncertain	 ﾠ




Supplementary	 ﾠTable	 ﾠS5:	 ﾠCutoffs	 ﾠfor	 ﾠthe	 ﾠmost	 ﾠlikely	 ﾠgenotype	 ﾠlikelihood	 ﾠratio	 ﾠ(PLdiff)	 ﾠand	 ﾠPLdiff	 ﾠ
divided	 ﾠby	 ﾠdepth	 ﾠof	 ﾠcoverage	 ﾠ(PLdiff/DP),	 ﾠwhich	 ﾠwere	 ﾠused	 ﾠfor	 ﾠdetermining	 ﾠwhether	 ﾠa	 ﾠgenotype	 ﾠis	 ﾠ







Homozygous	 ﾠindels	 ﾠ Heterozygous	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Fig.	 ﾠS1:	 ﾠDetailed	 ﾠprocess	 ﾠfor	 ﾠintegrating	 ﾠgenotype	 ﾠcalls	 ﾠfrom	 ﾠmultiple	 ﾠsequencing	 ﾠdatasets	 ﾠby	 ﾠ
using	 ﾠevidence	 ﾠof	 ﾠbias	 ﾠto	 ﾠarbitrate	 ﾠbetween	 ﾠdiscordant	 ﾠdatasets.	 ﾠ	 ﾠItalics	 ﾠindicate	 ﾠscripts	 ﾠ
responsible	 ﾠfor	 ﾠeach	 ﾠstep.	 ﾠ	 ﾠ 6	 ﾠ
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Fig.	 ﾠS2:	 ﾠExample	 ﾠof	 ﾠarbitration	 ﾠusing	 ﾠcharacteristics	 ﾠof	 ﾠalignment	 ﾠbias.	 ﾠ	 ﾠIn	 ﾠthis	 ﾠcase,	 ﾠone	 ﾠallele	 ﾠ
has	 ﾠa	 ﾠG>A	 ﾠSNP	 ﾠfollowed	 ﾠby	 ﾠa	 ﾠTCCG	 ﾠinsertion	 ﾠ8	 ﾠbases	 ﾠdownstream.	 ﾠ	 ﾠBwa	 ﾠwith	 ﾠGATK	 ﾠIndel	 ﾠ
Realignment	 ﾠproperly	 ﾠaligns	 ﾠlonger	 ﾠIllumina	 ﾠHiSeq	 ﾠreads	 ﾠin	 ﾠthis	 ﾠregion	 ﾠ(top),	 ﾠbut	 ﾠbwa	 ﾠalone	 ﾠ
does	 ﾠnot	 ﾠproperly	 ﾠalign	 ﾠshorter	 ﾠIllumina	 ﾠGAIIx	 ﾠreads	 ﾠin	 ﾠthis	 ﾠ4-ﾭ‐bp	 ﾠrepeat	 ﾠregion	 ﾠ(bottom).	 ﾠ	 ﾠOur	 ﾠ
arbitration	 ﾠprocess	 ﾠignores	 ﾠGAIIx	 ﾠresults	 ﾠat	 ﾠthis	 ﾠposition	 ﾠbecause	 ﾠit	 ﾠhas	 ﾠcharacteristics	 ﾠof	 ﾠ
alignment	 ﾠbias	 ﾠdue	 ﾠto	 ﾠclipping	 ﾠof	 ﾠaligned	 ﾠreads,	 ﾠincluding	 ﾠshort	 ﾠaligned	 ﾠreads	 ﾠand	 ﾠbases	 ﾠfalling	 ﾠ
near	 ﾠthe	 ﾠend	 ﾠof	 ﾠaligned	 ﾠreads.	 ﾠ
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Fig.	 ﾠS3:	 ﾠExample	 ﾠof	 ﾠarbitration	 ﾠat	 ﾠposition	 ﾠ566,969	 ﾠon	 ﾠchromosome	 ﾠ1	 ﾠusing	 ﾠevidence	 ﾠof	 ﾠ
systematic	 ﾠsequencing	 ﾠerrors.	 ﾠ	 ﾠIn	 ﾠthis	 ﾠcase,	 ﾠIllumina	 ﾠHiSeq	 ﾠhas	 ﾠa	 ﾠsystematic	 ﾠA>C	 ﾠerror	 ﾠonly	 ﾠon	 ﾠ
the	 ﾠreverse	 ﾠstrand	 ﾠ(blue)	 ﾠdue	 ﾠto	 ﾠthe	 ﾠG	 ﾠhomopolymer	 ﾠfollowed	 ﾠby	 ﾠa	 ﾠT	 ﾠ(A	 ﾠfollowed	 ﾠby	 ﾠC	 ﾠ
homopolymer	 ﾠon	 ﾠthe	 ﾠforward	 ﾠstrand).	 ﾠ	 ﾠComplete	 ﾠGenomics	 ﾠdoes	 ﾠnot	 ﾠhave	 ﾠstrand	 ﾠbias	 ﾠat	 ﾠthis	 ﾠ
position,	 ﾠso	 ﾠwe	 ﾠuse	 ﾠit	 ﾠalong	 ﾠwith	 ﾠother	 ﾠdatasets	 ﾠto	 ﾠcall	 ﾠthis	 ﾠlocation	 ﾠhomozygous	 ﾠreference.	 ﾠ
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Fig.	 ﾠS4:	 ﾠExample	 ﾠof	 ﾠcomplex	 ﾠvariant	 ﾠthat	 ﾠis	 ﾠonly	 ﾠpartially	 ﾠcalled	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf	 ﾠand	 ﾠfully	 ﾠ
called	 ﾠcorrectly	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠ
fosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ
250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS5:	 ﾠExample	 ﾠof	 ﾠcomplex	 ﾠvariant	 ﾠthat	 ﾠis	 ﾠpartially	 ﾠfiltered	 ﾠand	 ﾠpartially	 ﾠmissed	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠ
vcf	 ﾠand	 ﾠfully	 ﾠcalled	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠ
fosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ
250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS6:	 ﾠExample	 ﾠof	 ﾠhomozygous	 ﾠvariant	 ﾠthat	 ﾠis	 ﾠclearly	 ﾠhomozygous	 ﾠreference	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf	 ﾠ
and	 ﾠclearly	 ﾠhomozygous	 ﾠvariant	 ﾠin	 ﾠthe	 ﾠdatasets	 ﾠused	 ﾠto	 ﾠform	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes.	 ﾠ	 ﾠ
Displayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠ
alignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS7:	 ﾠExample	 ﾠof	 ﾠa	 ﾠregion	 ﾠthat	 ﾠmay	 ﾠbe	 ﾠa	 ﾠhomozygous	 ﾠdeletion	 ﾠand	 ﾠis	 ﾠmostly	 ﾠbut	 ﾠnot	 ﾠentirely	 ﾠ
excluded	 ﾠfrom	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠ
our	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠ
Illumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS8:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlikely	 ﾠlarge	 ﾠcomplex	 ﾠvariant	 ﾠthat	 ﾠis	 ﾠmostly	 ﾠmissed	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠand	 ﾠis	 ﾠ
partially	 ﾠcalled	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes,	 ﾠbut	 ﾠis	 ﾠpartially	 ﾠexcluded	 ﾠas	 ﾠuncertain	 ﾠfrom	 ﾠ
our	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠ
alignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS9:	 ﾠExample	 ﾠof	 ﾠcompound	 ﾠ4-ﾭ‐bp/6-ﾭ‐bp	 ﾠheterozygous	 ﾠdeletion	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠcorrectly	 ﾠin	 ﾠthe	 ﾠ
fosmid	 ﾠvcf	 ﾠand	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠgenotypes,	 ﾠbut	 ﾠthe	 ﾠcomparison	 ﾠalgorithm	 ﾠdoes	 ﾠnot	 ﾠ
recognize	 ﾠas	 ﾠconsistent.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠ
vcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠ
and	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ	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Fig.	 ﾠS10:	 ﾠExample	 ﾠof	 ﾠa	 ﾠcompound	 ﾠSNP/deletion	 ﾠheterozygote,	 ﾠfor	 ﾠwhich	 ﾠthe	 ﾠSNP	 ﾠis	 ﾠcalled	 ﾠ
correctly	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf	 ﾠcorrectly	 ﾠcalls	 ﾠa	 ﾠcompound	 ﾠ
heterozygous	 ﾠSNP/deletion.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠ
alignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS11:	 ﾠExample	 ﾠof	 ﾠa	 ﾠfalse	 ﾠpositive	 ﾠ1-ﾭ‐bp	 ﾠhomopolymer	 ﾠexpansion	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf	 ﾠ(likely	 ﾠdue	 ﾠ
to	 ﾠhomopolymer	 ﾠsequencing	 ﾠor	 ﾠPCR	 ﾠerrors),	 ﾠand	 ﾠis	 ﾠcalled	 ﾠcorrectly	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ
resulting	 ﾠin	 ﾠboth	 ﾠa	 ﾠFP	 ﾠcall	 ﾠin	 ﾠthe	 ﾠfosmids.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠ
highly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠ
Illumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS12:	 ﾠExample	 ﾠof	 ﾠa	 ﾠpossible	 ﾠvery	 ﾠlarge	 ﾠdeletion	 ﾠthat	 ﾠis	 ﾠmis-ﾭ‐called	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠbut	 ﾠis	 ﾠ
only	 ﾠpartially	 ﾠexcluded	 ﾠas	 ﾠuncertain	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠ
are	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠ
alignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS13:	 ﾠExample	 ﾠof	 ﾠa	 ﾠvery	 ﾠlarge	 ﾠcomplex	 ﾠvariant	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠcorrectly	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠand	 ﾠ
is	 ﾠpartially	 ﾠcalled	 ﾠcorrectly	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf	 ﾠbut	 ﾠis	 ﾠpartially	 ﾠexcluded	 ﾠby	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠregions.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ
the	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠ
our	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS14:	 ﾠExample	 ﾠof	 ﾠtwo	 ﾠnearby	 ﾠSNPs	 ﾠthat	 ﾠare	 ﾠcalled	 ﾠcorrectly	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠbut	 ﾠonly	 ﾠone	 ﾠis	 ﾠ
called	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠ
alignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS15:	 ﾠExample	 ﾠof	 ﾠa	 ﾠvariant	 ﾠthat	 ﾠis	 ﾠclearly	 ﾠhomozygous	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf	 ﾠbut	 ﾠhas	 ﾠno	 ﾠevidence	 ﾠ
in	 ﾠany	 ﾠof	 ﾠthe	 ﾠwhole	 ﾠgenome	 ﾠor	 ﾠexome	 ﾠdatasets	 ﾠ(including	 ﾠthose	 ﾠnot	 ﾠshown),	 ﾠpossibly	 ﾠdue	 ﾠto	 ﾠa	 ﾠ
de	 ﾠnovo	 ﾠmutation	 ﾠin	 ﾠthe	 ﾠcell	 ﾠline	 ﾠor	 ﾠfosmid.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠ
our	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠ
Illumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS16:	 ﾠExample	 ﾠof	 ﾠa	 ﾠvariant	 ﾠ(C	 ﾠinsertion)	 ﾠthat	 ﾠis	 ﾠclearly	 ﾠhomozygous	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf	 ﾠbut	 ﾠhas	 ﾠ
no	 ﾠevidence	 ﾠin	 ﾠany	 ﾠof	 ﾠthe	 ﾠwhole	 ﾠgenome	 ﾠor	 ﾠexome	 ﾠdatasets	 ﾠ(including	 ﾠthose	 ﾠnot	 ﾠshown),	 ﾠ
possibly	 ﾠdue	 ﾠto	 ﾠa	 ﾠde	 ﾠnovo	 ﾠmutation	 ﾠin	 ﾠthe	 ﾠcell	 ﾠline	 ﾠor	 ﾠfosmid.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠ
the	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ
250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS17:	 ﾠExample	 ﾠof	 ﾠa	 ﾠvariant	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠin	 ﾠthe	 ﾠincorrect	 ﾠposition	 ﾠin	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠand	 ﾠis	 ﾠ
called	 ﾠcorrectly	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠresulting	 ﾠin	 ﾠboth	 ﾠa	 ﾠFP	 ﾠand	 ﾠFN	 ﾠcall	 ﾠin	 ﾠthe	 ﾠfosmids.	 ﾠ	 ﾠ
Displayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠ
alignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS18:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlarge	 ﾠinsertion	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠas	 ﾠan	 ﾠinsertion	 ﾠof	 ﾠuncertain	 ﾠsize	 ﾠor	 ﾠcontent	 ﾠ
in	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠand	 ﾠis	 ﾠcalled	 ﾠcorrectly	 ﾠin	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠ
bottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠthe	 ﾠfosmid	 ﾠalignments,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠ
alignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS19:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠbut	 ﾠall	 ﾠsequencing	 ﾠ
datasets	 ﾠclearly	 ﾠcall	 ﾠhomozygous	 ﾠreference.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠ
our	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠ
Complete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS20:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠbut	 ﾠappears	 ﾠmore	 ﾠ
likely	 ﾠto	 ﾠbe	 ﾠan	 ﾠA	 ﾠinsertion	 ﾠbefore	 ﾠa	 ﾠT	 ﾠhomopolymer.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠ
fosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠ
alignments,	 ﾠComplete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS21:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠbut	 ﾠappears	 ﾠmore	 ﾠ
likely	 ﾠto	 ﾠbe	 ﾠan	 ﾠAA	 ﾠdeletion	 ﾠin	 ﾠan	 ﾠA	 ﾠhomopolymer	 ﾠadjacent	 ﾠto	 ﾠan	 ﾠAG	 ﾠtandem	 ﾠrepeat.	 ﾠ	 ﾠDisplayed	 ﾠ
from	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ
250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠComplete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠ
regions.	 ﾠ
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Fig.	 ﾠS22:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠand	 ﾠis	 ﾠunclear	 ﾠin	 ﾠall	 ﾠ
sequencing	 ﾠdatasets	 ﾠbecause	 ﾠno	 ﾠreads	 ﾠcompletely	 ﾠtraverse	 ﾠthe	 ﾠA	 ﾠhomopolymer.	 ﾠ	 ﾠDisplayed	 ﾠ
from	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ
250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠComplete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠ
regions.	 ﾠ
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Fig.	 ﾠS23:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠand	 ﾠa	 ﾠ2-ﾭ‐bp	 ﾠdeletion	 ﾠ
in	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠcalls,	 ﾠbut	 ﾠappears	 ﾠmore	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠan	 ﾠ8-ﾭ‐bp	 ﾠdeletion	 ﾠin	 ﾠa	 ﾠlong	 ﾠT	 ﾠ
homopolymer	 ﾠbased	 ﾠon	 ﾠIllumina	 ﾠPCR-ﾭ‐free	 ﾠreads	 ﾠthat	 ﾠcompletely	 ﾠtraverse	 ﾠthe	 ﾠhomopolymer.	 ﾠ	 ﾠ
Displayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠ
alignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠComplete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS24:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠthat	 ﾠhas	 ﾠno	 ﾠ
evidence	 ﾠin	 ﾠsequencing,	 ﾠbut	 ﾠmight	 ﾠbe	 ﾠconfounded	 ﾠby	 ﾠa	 ﾠSNP	 ﾠdownstream.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠ
to	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠ
bp	 ﾠIllumina	 ﾠalignments,	 ﾠComplete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS25:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠa	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠbut	 ﾠis	 ﾠactually	 ﾠa	 ﾠ
complex	 ﾠvariant	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠrepresented	 ﾠin	 ﾠmultiple	 ﾠways.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠ
the	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠ
alignments,	 ﾠComplete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS26:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠhomozygous	 ﾠreference	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠ
but	 ﾠis	 ﾠactually	 ﾠa	 ﾠhomozygous	 ﾠdeletion	 ﾠcalled	 ﾠcorrectly	 ﾠby	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠcalls.	 ﾠ	 ﾠDisplayed	 ﾠ
from	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ
250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠComplete	 ﾠGenomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠ
regions.	 ﾠ
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Fig.	 ﾠS27:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠhomozygous	 ﾠreference	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠ
but	 ﾠis	 ﾠactually	 ﾠtwo	 ﾠnearby	 ﾠSNPs.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠto	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠ
confident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠbp	 ﾠIllumina	 ﾠalignments,	 ﾠComplete	 ﾠ
Genomics	 ﾠalignments,	 ﾠand	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠregions.	 ﾠ
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Fig.	 ﾠS28:	 ﾠExample	 ﾠof	 ﾠa	 ﾠlocation	 ﾠthat	 ﾠis	 ﾠcalled	 ﾠhomozygous	 ﾠreference	 ﾠby	 ﾠthe	 ﾠOMNI	 ﾠmicroarray	 ﾠ
because	 ﾠthe	 ﾠprobe	 ﾠis	 ﾠfor	 ﾠan	 ﾠA	 ﾠSNP	 ﾠand	 ﾠthe	 ﾠactual	 ﾠSNP	 ﾠin	 ﾠthis	 ﾠsample	 ﾠis	 ﾠa	 ﾠC.	 ﾠ	 ﾠDisplayed	 ﾠfrom	 ﾠtop	 ﾠ
to	 ﾠbottom	 ﾠare	 ﾠthe	 ﾠfosmid	 ﾠvcf,	 ﾠour	 ﾠhighly	 ﾠconfident	 ﾠvcf,	 ﾠ454	 ﾠwhole	 ﾠgenome	 ﾠalignments,	 ﾠ250x250	 ﾠ
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Fig.	 ﾠS29:	 ﾠ(a)	 ﾠSummary	 ﾠof	 ﾠexome	 ﾠSNPs	 ﾠand	 ﾠindels	 ﾠcalled	 ﾠin	 ﾠour	 ﾠwhole	 ﾠgenome	 ﾠintegrated	 ﾠcalls	 ﾠ
(GiBv2.15b),	 ﾠ250bp	 ﾠwhole	 ﾠgenome	 ﾠIllumina	 ﾠcalled	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠv.2.6	 ﾠ
(GiB_1kg_250bp_pe_HC),	 ﾠand	 ﾠwhole	 ﾠgenome	 ﾠComplete	 ﾠGenomics	 ﾠv2.0	 ﾠ
(GiB_CompleteGenomics).	 ﾠ	 ﾠ(b)	 ﾠSummary	 ﾠof	 ﾠexome	 ﾠSNPs	 ﾠand	 ﾠIndels	 ﾠcalled	 ﾠin	 ﾠ150x	 ﾠIllumina	 ﾠ
exome	 ﾠsequencing	 ﾠmapped	 ﾠwith	 ﾠBWA	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠFreebayes	 ﾠ(BWA+Freebayes-ﾭ‐Prep),	 ﾠ30x	 ﾠ
Ion	 ﾠTorrent	 ﾠexome	 ﾠsequencing	 ﾠmapped	 ﾠwith	 ﾠTmap	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠ
(IonT-ﾭ‐30x-ﾭ‐Tmap+Gatk_HC-ﾭ‐Prep),	 ﾠ150x	 ﾠIllumina	 ﾠexome	 ﾠsequencing	 ﾠmapped	 ﾠwith	 ﾠNovoalign	 ﾠ
and	 ﾠcalled	 ﾠwith	 ﾠFreebayes	 ﾠ(Novoalign+Freebayes-ﾭ‐Prep),	 ﾠand	 ﾠ150x	 ﾠIllumina	 ﾠexome	 ﾠsequencing	 ﾠ
mapped	 ﾠwith	 ﾠNovoalign	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠSamtools	 ﾠ(Novoalign+Samtools-ﾭ‐Prep).	 ﾠ	 ﾠNote	 ﾠthat	 ﾠthe	 ﾠ
variants	 ﾠin	 ﾠthe	 ﾠwhole	 ﾠgenome	 ﾠdatasets	 ﾠ(a)	 ﾠonly	 ﾠinclude	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠexome	 ﾠregions,	 ﾠwhile	 ﾠ
the	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠexome	 ﾠdatasets	 ﾠ(b)	 ﾠinclude	 ﾠall	 ﾠcalled	 ﾠvariants	 ﾠin	 ﾠthis	 ﾠfigure.	 ﾠ	 ﾠHowever,	 ﾠin	 ﾠall	 ﾠ
other	 ﾠfigures,	 ﾠthe	 ﾠvariants	 ﾠare	 ﾠsubsetted	 ﾠto	 ﾠonly	 ﾠinclude	 ﾠvariants	 ﾠin	 ﾠthe	 ﾠintersection	 ﾠof	 ﾠthe	 ﾠ
exome	 ﾠand	 ﾠhighly	 ﾠconfident	 ﾠintegrated	 ﾠbed	 ﾠfiles.	 ﾠThis	 ﾠfigure	 ﾠand	 ﾠFigs.	 ﾠS5-ﾭ‐S7	 ﾠcan	 ﾠbe	 ﾠgenerated	 ﾠ
and	 ﾠmodified	 ﾠat	 ﾠ(a)	 ﾠhttp://www.bioplanet.com/gcat/reports/575/variant-ﾭ‐calls/genome-ﾭ‐in-ﾭ‐a-ﾭ‐
bottle-ﾭ‐exome/gib-ﾭ‐1kg-ﾭ‐250bp-ﾭ‐pe-ﾭ‐hc/compare-ﾭ‐1617-ﾭ‐1626/group-ﾭ‐read-ﾭ‐depth	 ﾠand	 ﾠ(b)	 ﾠ
http://www.bioplanet.com/gcat/reports/577/variant-ﾭ‐calls/genome-ﾭ‐in-ﾭ‐a-ﾭ‐bottle-ﾭ‐exome/bwa-ﾭ‐
freebayes-ﾭ‐prep/compare-ﾭ‐579-ﾭ‐558-ﾭ‐578/group-ﾭ‐read-ﾭ‐depth	 ﾠby	 ﾠselecting	 ﾠSNPs	 ﾠand/or	 ﾠindels	 ﾠand	 ﾠ
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Fig.	 ﾠS30:	 ﾠTransition/transversion	 ﾠratio	 ﾠ(Ti/Tv)	 ﾠfor	 ﾠexome	 ﾠSNPs	 ﾠfor	 ﾠthe	 ﾠsame	 ﾠdatasets	 ﾠin	 ﾠFig.	 ﾠS5,	 ﾠ
































Fig.	 ﾠS31:	 ﾠPerformance	 ﾠassessment	 ﾠof	 ﾠexome	 ﾠSNPs	 ﾠfor	 ﾠthe	 ﾠdatasets	 ﾠin	 ﾠFig.	 ﾠS4	 ﾠusing	 ﾠour	 ﾠ
integrated	 ﾠgenotypes	 ﾠas	 ﾠa	 ﾠbenchmark,	 ﾠexcluding	 ﾠuncertain	 ﾠregions	 ﾠincluding	 ﾠstructural	 ﾠ
variants	 ﾠin	 ﾠdbVar.	 ﾠ	 ﾠThe	 ﾠtop	 ﾠtables	 ﾠsummarize	 ﾠoverlap	 ﾠof	 ﾠindividual	 ﾠdatasets	 ﾠwith	 ﾠour	 ﾠintegrated	 ﾠ
genotypes.	 ﾠ	 ﾠIn	 ﾠthe	 ﾠlast	 ﾠ4	 ﾠcolumns,	 ﾠthe	 ﾠgenotype	 ﾠof	 ﾠthe	 ﾠindividual	 ﾠdataset	 ﾠis	 ﾠbefore	 ﾠthe	 ﾠdash,	 ﾠand	 ﾠ
the	 ﾠgenotype	 ﾠof	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠis	 ﾠafter	 ﾠthe	 ﾠdash.	 ﾠ	 ﾠThe	 ﾠbar	 ﾠgraphs	 ﾠdepict	 ﾠthe	 ﾠPrecision	 ﾠRate	 ﾠ
(TP/(TP+FP)),	 ﾠSensitivity	 ﾠ(TP/(TP+FN)),	 ﾠand	 ﾠSpecificity	 ﾠ(TN/(TN+FP))	 ﾠfor	 ﾠeach	 ﾠdataset	 ﾠusing	 ﾠ
our	 ﾠintegrated	 ﾠgenotypes	 ﾠas	 ﾠa	 ﾠbenchmark.	 ﾠ	 ﾠFinally,	 ﾠReceiver	 ﾠOperating	 ﾠCharacteristic	 ﾠ(ROC)	 ﾠ
curves	 ﾠplotting	 ﾠTrue	 ﾠPositive	 ﾠRate	 ﾠvs.	 ﾠFalse	 ﾠPositive	 ﾠRate	 ﾠare	 ﾠshown	 ﾠsorted	 ﾠby	 ﾠRead	 ﾠDepth	 ﾠ
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Fig.	 ﾠS32:	 ﾠPerformance	 ﾠassessment	 ﾠof	 ﾠexome	 ﾠindels	 ﾠfor	 ﾠthe	 ﾠdatasets	 ﾠin	 ﾠFig.	 ﾠS4	 ﾠusing	 ﾠour	 ﾠ
integrated	 ﾠgenotypes	 ﾠas	 ﾠa	 ﾠbenchmark,	 ﾠexcluding	 ﾠuncertain	 ﾠregions	 ﾠincluding	 ﾠstructural	 ﾠ
variants	 ﾠin	 ﾠdbVar.	 ﾠ	 ﾠThe	 ﾠtop	 ﾠtables	 ﾠsummarize	 ﾠoverlap	 ﾠof	 ﾠindividual	 ﾠdatasets	 ﾠwith	 ﾠour	 ﾠintegrated	 ﾠ
genotypes.	 ﾠ	 ﾠIn	 ﾠthe	 ﾠlast	 ﾠ4	 ﾠcolumns,	 ﾠthe	 ﾠgenotype	 ﾠof	 ﾠthe	 ﾠindividual	 ﾠdataset	 ﾠis	 ﾠbefore	 ﾠthe	 ﾠdash,	 ﾠand	 ﾠ
the	 ﾠgenotype	 ﾠof	 ﾠour	 ﾠintegrated	 ﾠcalls	 ﾠis	 ﾠafter	 ﾠthe	 ﾠdash.	 ﾠ	 ﾠThe	 ﾠbar	 ﾠgraphs	 ﾠdepict	 ﾠthe	 ﾠPrecision	 ﾠRate	 ﾠ
(TP/(TP+FP)),	 ﾠSensitivity	 ﾠ(TP/(TP+FN)),	 ﾠand	 ﾠSpecificity	 ﾠ(TN/(TN+FP))	 ﾠfor	 ﾠeach	 ﾠdataset	 ﾠusing	 ﾠ
our	 ﾠintegrated	 ﾠgenotypes	 ﾠas	 ﾠa	 ﾠbenchmark.	 ﾠ	 ﾠFinally,	 ﾠReceiver	 ﾠOperating	 ﾠCharacteristic	 ﾠ(ROC)	 ﾠ
curves	 ﾠplotting	 ﾠTrue	 ﾠPositive	 ﾠRate	 ﾠvs.	 ﾠFalse	 ﾠPositive	 ﾠRate	 ﾠare	 ﾠshown	 ﾠsorted	 ﾠby	 ﾠRead	 ﾠDepth	 ﾠ
(top)	 ﾠor	 ﾠVariant	 ﾠQuality	 ﾠ(bottom).	 ﾠ	 ﾠ	 ﾠ
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Fig.	 ﾠS33:	 ﾠSummary	 ﾠof	 ﾠwhole	 ﾠgenome	 ﾠSNPs	 ﾠand	 ﾠindels	 ﾠfrom	 ﾠour	 ﾠwhole	 ﾠgenome	 ﾠintegrated	 ﾠcalls	 ﾠ
(GiB	 ﾠv2.18	 ﾠWGS),	 ﾠComplete	 ﾠGenomics	 ﾠ2.0	 ﾠ(CompleteGenomics)	 ﾠand	 ﾠ250bp	 ﾠIllumina	 ﾠmapped	 ﾠ
with	 ﾠBWA-ﾭ‐MEM	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠv2.6	 ﾠ(1kg_250bp_pe_HC).	 ﾠ
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Fig.	 ﾠS34:	 ﾠTransition/transversion	 ﾠratio	 ﾠ(Ti/Tv)	 ﾠfor	 ﾠwhole	 ﾠgenome	 ﾠSNPs	 ﾠfor	 ﾠthe	 ﾠComplete	 ﾠ
Genomics	 ﾠand	 ﾠ250bp	 ﾠIllumina	 ﾠdatasets	 ﾠin	 ﾠFig.	 ﾠS7,	 ﾠplotted	 ﾠvs.	 ﾠRead	 ﾠDepth	 ﾠ(top)	 ﾠand	 ﾠdivided	 ﾠinto	 ﾠ
novel	 ﾠand	 ﾠcommon	 ﾠvariants	 ﾠ(bottom).	 ﾠ
	 ﾠ	 ﾠ 38	 ﾠ
	 ﾠ
	 ﾠ




Fig.	 ﾠS35:	 ﾠPerformance	 ﾠassessment	 ﾠof	 ﾠwhole	 ﾠgenome	 ﾠ(a)	 ﾠSNPs	 ﾠand	 ﾠ(b)	 ﾠindels	 ﾠfor	 ﾠthe	 ﾠComplete	 ﾠ
Genomics	 ﾠand	 ﾠ250bp	 ﾠIllumina	 ﾠdatasets	 ﾠin	 ﾠFig.	 ﾠS7	 ﾠusing	 ﾠour	 ﾠintegrated	 ﾠgenotypes	 ﾠas	 ﾠa	 ﾠ
benchmark,	 ﾠexcluding	 ﾠuncertain	 ﾠregions	 ﾠincluding	 ﾠstructural	 ﾠvariants	 ﾠin	 ﾠdbVar.	 ﾠ	 ﾠThe	 ﾠtop	 ﾠtables	 ﾠ
summarize	 ﾠoverlap	 ﾠof	 ﾠindividual	 ﾠdatasets	 ﾠwith	 ﾠour	 ﾠintegrated	 ﾠgenotypes.	 ﾠ	 ﾠIn	 ﾠthe	 ﾠlast	 ﾠ4	 ﾠcolumns,	 ﾠ
the	 ﾠgenotype	 ﾠof	 ﾠthe	 ﾠindividual	 ﾠdataset	 ﾠis	 ﾠbefore	 ﾠthe	 ﾠdash,	 ﾠand	 ﾠthe	 ﾠgenotype	 ﾠof	 ﾠour	 ﾠintegrated	 ﾠ
calls	 ﾠis	 ﾠafter	 ﾠthe	 ﾠdash.	 ﾠ	 ﾠThe	 ﾠbar	 ﾠgraphs	 ﾠdepict	 ﾠthe	 ﾠPrecision	 ﾠRate	 ﾠ(TP/(TP+FP)),	 ﾠSensitivity	 ﾠ
(TP/(TP+FN)),	 ﾠand	 ﾠSpecificity	 ﾠ(TN/(TN+FP))	 ﾠfor	 ﾠeach	 ﾠdataset	 ﾠusing	 ﾠour	 ﾠintegrated	 ﾠgenotypes	 ﾠ
as	 ﾠa	 ﾠbenchmark.	 ﾠ	 ﾠFinally,	 ﾠReceiver	 ﾠOperating	 ﾠCharacteristic	 ﾠ(ROC)	 ﾠcurves	 ﾠplotting	 ﾠTrue	 ﾠPositive	 ﾠ
















Fig.	 ﾠS36:	 ﾠIndel	 ﾠlength	 ﾠdistributions	 ﾠin	 ﾠthe	 ﾠ(a)	 ﾠwhole	 ﾠgenome	 ﾠand	 ﾠ(b)	 ﾠexome.	 ﾠ	 ﾠ(a)	 ﾠThe	 ﾠwhole	 ﾠ
genome	 ﾠindel	 ﾠlength	 ﾠdistributions	 ﾠare	 ﾠshown	 ﾠfor	 ﾠour	 ﾠwhole	 ﾠgenome	 ﾠintegrated	 ﾠcalls	 ﾠ(green,	 ﾠ
GiBv2.18),	 ﾠComplete	 ﾠGenomics	 ﾠ2.0	 ﾠ(GIB_CompleteGenomics2)	 ﾠand	 ﾠ250bp	 ﾠIllumina	 ﾠmapped	 ﾠ
with	 ﾠBWA-ﾭ‐MEM	 ﾠand	 ﾠcalled	 ﾠwith	 ﾠGATK	 ﾠHaplotypeCaller	 ﾠv2.6	 ﾠ(GIB_1kg_250bp_pe_HC)	 ﾠ
	 ﾠ	 ﾠ 40	 ﾠ
	 ﾠ
Fig.	 ﾠS37:	 ﾠExample	 ﾠof	 ﾠsite	 ﾠ(chr1:2843339)	 ﾠthat	 ﾠis	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠhomozygous	 ﾠreference,	 ﾠbut	 ﾠis	 ﾠ
called	 ﾠa	 ﾠheterozygous	 ﾠT/C	 ﾠSNP	 ﾠby	 ﾠthe	 ﾠ250-ﾭ‐bp	 ﾠIllumina	 ﾠsequencing	 ﾠdataset	 ﾠdue	 ﾠto	 ﾠan	 ﾠapparent	 ﾠ
systematic	 ﾠsequencing	 ﾠerror	 ﾠthat	 ﾠalso	 ﾠoccurs	 ﾠat	 ﾠa	 ﾠlow	 ﾠfraction	 ﾠin	 ﾠthe	 ﾠ100-ﾭ‐bp	 ﾠIllumina	 ﾠwhole	 ﾠ
genome	 ﾠsequencing	 ﾠ(top,	 ﾠCEU)	 ﾠand	 ﾠeven	 ﾠin	 ﾠ100-ﾭ‐bp	 ﾠIllumina	 ﾠfosmid	 ﾠsequencing,	 ﾠwhich	 ﾠshould	 ﾠ
only	 ﾠhave	 ﾠhomozygous	 ﾠvariants	 ﾠ(bottom,	 ﾠNA12878-ﾭ‐7k).	 ﾠ	 ﾠOther	 ﾠplatforms	 ﾠhave	 ﾠ(454,	 ﾠComplete	 ﾠ



















Fig.	 ﾠS38:	 ﾠExample	 ﾠof	 ﾠlow	 ﾠmapping	 ﾠquality	 ﾠsite	 ﾠwhere	 ﾠthe	 ﾠ250-ﾭ‐bp	 ﾠIllumina	 ﾠvcf	 ﾠhas	 ﾠa	 ﾠSNP	 ﾠand	 ﾠour	 ﾠ
integrated	 ﾠgenotypes	 ﾠcall	 ﾠhomozygous	 ﾠreference.	 ﾠ	 ﾠMany	 ﾠdiscordant	 ﾠgenotypes	 ﾠfall	 ﾠin	 ﾠthis	 ﾠ
category,	 ﾠwhere	 ﾠa	 ﾠlow	 ﾠfraction	 ﾠof	 ﾠreads	 ﾠcontains	 ﾠvariants	 ﾠand	 ﾠmany	 ﾠreads	 ﾠhave	 ﾠlow	 ﾠmapping	 ﾠ
quality,	 ﾠso	 ﾠit	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠcorrect	 ﾠgenotype.	 ﾠ
	 ﾠ